Introduction {#s1}
============

Cognitive sensorimotor neuroscience investigates how the brain processes sensory information, develops an action plan, and ultimately performs a corresponding action. Experimental setups with non-human primates typically make use of physical restraint, such as a primate chair, to control for spatial parameters like head position, gaze direction, and body and arm posture. This approach led to numerous important insights into neural correlates of visually guided hand and arm movements. The frontoparietal reach network, in particular, including the posterior parietal cortex, premotor cortex, and motor cortex, has been studied in terms of force encoding ([@bib24]), direction encoding ([@bib40]), spatial reference frames of reach goal encoding ([@bib5]; [@bib17]; [@bib58]; [@bib83]), context integration ([@bib39]; [@bib65]; [@bib78]; [@bib104]), obstacle avoidance ([@bib56]; [@bib73]), bimanual coordination ([@bib35]; [@bib69]), eye-hand coordination ([@bib52]; [@bib70]; [@bib90]; [@bib106]), and decision making ([@bib26]; [@bib27]; [@bib57]; [@bib97]). Because of the physical restraint, the scope of previous studies was mostly limited to hand or arm movements, and those were restricted to the immediately reachable space. Well-controlled planning and execution of spatially and temporally structured goal-directed movements in larger workspaces, including reach goals beyond immediate reach, could not be investigated in monkeys.

Neuropsychological and neurophysiological evidence suggest that frontoparietal areas encode the space near the body differently from the space far from the body (see [@bib36] for review). Visuospatial neglect can be restricted to the near or far space as shown by patients with large-scale lesions comprising also parietal cortex ([@bib47]; [@bib102]) and transcranial magnetic stimulation over the parietal cortex ([@bib10]). Bimodal neurons in premotor cortex and the posterior parietal cortex of non-human primates respond to visual and somatosensory stimulation, with visual receptive fields being congruent with somatosensory receptive fields and thereby covering the space near the body ([@bib28]; [@bib44]; [@bib86]; [@bib87]). In addition, mirror neurons in the ventral premotor cortex can respond differently to an observed reach if the reach goal is within its own reach or not. ([@bib12]; [@bib19]). These findings indicate that encoding of bimodal sensory information and information about observed actions seems to be dependent on one's own body boundaries. Moreover, those findings suggest that premotor and parietal cortex are affected by this distinction. The frontoparietal network encodes motor goals within immediate reach, but it is unclear if this also holds true for motor goals beyond immediate reach. Because of the physical restraint of conventional setups, it has not been possible to investigate naturalistic goal-directed movements that require the monkey to walk towards targets at variable positions and, thus, to investigate how monkeys plan to acquire a reach goal beyond the immediately reachable space.

In conventional experiments, tethered connections prohibit recording from freely moving primates, at least in the case of larger species such as macaques. Tethered recordings in freely moving smaller primate species, such as squirrel monkeys ([@bib61]) or marmosets ([@bib30]; [@bib79]) have been demonstrated. One study also showed tethered recordings in Japanese macaques; however these were in an environment with no obstacles and with low channel count ([@bib49]). Using wireless recording technology in combination with chronically implanted arrays, recent studies achieved recordings of single unit activity in nonhuman primates investigating vocalization ([@bib46]; [@bib88]), simple uninstructed behavior ([@bib92]; [@bib98]), treadmill locomotion ([@bib21]; [@bib38]; [@bib92]; [@bib108]), chair-seated translocation ([@bib85]), sleep ([@bib108]; [@bib110]), and simple movements to a food source ([@bib21]; [@bib25]; [@bib37]; [@bib49]; [@bib92]; [@bib94]). An alternative to wireless transmission can be data logging for which the data are stored separately from behavioral data on the headstage ([@bib109]). This has been used in investigations of simple uninstructed behavior and sleep ([@bib54]; [@bib55]; [@bib107]). However, none of the experiments with neural recordings in unrestrained monkeys presented an experimental environment that instructs temporally and spatially precise movement behavior ([Supplementary file 1](#supp1){ref-type="supplementary-material"}). To study goal-directed motor planning and spatial encoding of motor goals, we developed the Reach Cage in which we can instruct precise movement start times and multiple distributed movement goals independent from the food source.

Here, we present an experimental environment, the Reach Cage, which is equipped with a visuo-haptic interaction system (*MaCaQuE*) and allows investigating movement planning and goal-directed movements of unrestrained rhesus monkeys while recording and analyzing in real-time cortical single-unit activity. We trained monkeys to perform controlled memory-guided reach movements with instructed delay to targets within and beyond the immediately reachable space. Using an open source markerless video-based motion capture software ([@bib66]), we measured 3-dimensional head, shoulder, elbow, and wrist trajectories. We used wireless recording technology to extract single unit activity in real-time from three cortical areas (parietal reach region PRR, dorsal premotor cortex PMd, and primary motor cortex M1) at a bandwidth suitable for brain-machine interface (BMI) applications. We show that the Reach Cage is suitable for sensorimotor neuroscience with physically unrestrained rhesus monkeys providing a richer set of motor tasks, including walk-and-reach movements. With the Reach Cage we were able to study motor goal encoding beyond the immediate reach and during ongoing walking movements. We show that PRR and PMd, but not M1, already contain target location information of far-located walk-and-reach targets during the planning period before and during the walk-and-reach movement.

Results {#s2}
=======

We developed the Reach Cage to expand studies of visual guided reaching movements to larger workspaces and study movements of rhesus monkeys performing structured whole-body movement tasks while being physically unrestrained. We report on quantitative assessment of the animals' behavior in the Reach Cage, and neuroscientific analysis of walk-and-reach goal encoding. The timing of the monkeys' reaching behavior can be precisely controlled and measured with the touch and release times of our touch-sensitive cage-mounted targets (1^st^ section). Additionally, multi-joint 3-dimensional reach kinematics can be measured directly with the video-based motion capture system (2^nd^ section). We will show that high channel count wireless neural recording is possible in the Reach Cage and report on single-unit activity during such structured task performance (3^rd^ section). Finally, we demonstrate the suitability of the Reach Cage for studying motor goal encoding beyond the immediate reach and show that premotor and parietal cortical activity contain information about far-located walk-and-reach targets position during movement planning (4^th^ section).

Real-time control of instructed behavior in physical unrestrained rhesus monkeys in the Reach Cage {#s2-1}
--------------------------------------------------------------------------------------------------

The core element of our newly developed Reach Cage ([Figure 1](#fig1){ref-type="fig"}) is the *Macaque Cage Query Extension* (*MaCaQuE*). Using this interaction device, we were able to train two fully unrestrained rhesus monkeys to conduct spatially and temporally well-structured memory-guided reaches, a behavioral task common to sensorimotor neuroscience in primates. Here we report the technical details of *MaCaQuE* and its use with physically unrestrained rhesus monkeys; however, we also used *MaCaQuE* successfully in a study with human participants ([@bib7]).

![The Reach Cage setup.\
(**A**) Monkey K performing a reach task on the *Macaque Cage Query Extension* (*MaCaQuE*), touching one of the illuminated *MaCaQuE* Cue and Target boxes (*MCTs*) inside the Reach Cage. (**B**) An *MCT* contains a proximity sensor to make the translucent front cover touch-sensitive and four RGB LEDs to color-illuminate it. (**C**) Schematic drawing of *MaCaQuE* showing the electronic components with the microcontroller interfacing between *MCTs* and an external computer for experimental control. (**D**) Sketch of the Reach Cage with 10 *MCTs* inside, two on the floor pointing upwards serving as a starting position for the monkey and two rows of four (near and far) pointing towards the starting position. The far *MCTs* were positioned to the back of the cage such that the animals needed to walk first. An 11^th^*MCT* is positioned outside the cage for providing additional visual cues. The universal *MCTs* can be arranged flexibly to serve different purposes.](elife-51322-fig1){#fig1}

Both animals learned within a single first session that touching a target presented on a *MaCaQuE Cue and Target box* (*MCT*, [Figure 1B](#fig1){ref-type="fig"}) leads to a liquid reward. The computer-controlled precise timing and dosage of reward ([Figure 1C](#fig1){ref-type="fig"}) meant that we could employ *MaCaQuE* for positive reinforcement training (PRT) to teach both animals a memory-guided target acquisition task with instructed delay (see Materials and methods). Unlike chair-based setups, *MaCaQuE* allows for target placement beyond the immediate reach of the monkeys ([Figure 1D](#fig1){ref-type="fig"}[,Video 1](#video1){ref-type="video"}) Monkey K performed the final version of the walk-and-reach task ([Figure 2A/B](#fig2){ref-type="fig"}) with 77% correct trials on average (s.d. 9%, 19 sessions) with up to 412 correct trials per session (mean 208, s.d. 93). The sessions lasted on average 40 min (s.d. 15 min). Monkey L performed the final version of the task with 55% correct trials on average (s.d. 5%, 10 sessions) with up to 326 correct trials per session (mean 219, s.d. 55). Sessions lasted on average 65 min (s.d. 15 min). The majority of errors resulted from premature release of the start buttons prior to the go cue. Trials with properly timed movement initiation were 92% correct in monkey K and 78% correct in monkey L.

###### Three-dimensional animation of the Reach Cage.

![Walk-and-reach task.\
(**A**) Timeline of the walk-and-reach task. Yellow *MCTs* indicate illumination. Only near targets are shown to illustrate this example trial. The second left-most near target was indicated as target and had to be reached after an instructed memory period in response to the go cue (isoluminant color change on the *MCT* outside the cage). (**B**) An example trial to a far target for monkey K (left) and monkey L (right). The frames of the video correspond to the time periods of the trial illustrated in (**A**). (**C**) Times between go cue and start button release (button release time), and between start button release and target acquisition (movement time) were distributed narrowly in most cases for reaching movements to near (red) and far (blue) targets demonstrating the temporally well-structured behavior. Dashed vertical lines indicate averages and corresponding numbers indicate averages and standard deviations (s.d.) in ms.](elife-51322-fig2){#fig2}

While the animals were not physically restricted to a specific posture, the strict timing of the task encouraged them to optimize their behavior. As the *MaCaQuE* system makes information about *MCT* touches and releases available with minimal delay (\<20 ms), it is possible to enforce an exact timing of the movements when solving a reaching task in the Reach Cage. [Figure 2C](#fig2){ref-type="fig"} shows the distribution of button release times and movement times towards near and far targets for the task (monkey K/L: 19/10 sessions, 3956/2194 correct trials). As a whole-body translocation is required to approach far targets, movement times were longer than for near targets in both monkeys (t-test, p\<0.001). Movement time distributions were narrow (s.d. ≤ 76 ms), indicating that the monkeys optimized their behavior for consistent target acquisition. Button release time indicates the onset of the hand movement, not necessarily the whole-body movement. In monkey K, the button release times were higher for far compared to near targets (t-test, p\<0.001). In contrast, button release times in monkey L were lower for far compared to near targets (p\<0.001), reflecting a different behavioral strategy for movement onset (monkey K was sitting during the delay period whereas monkey L was standing).

The behavioral results as directly measured with *MaCaQuE* via the proximity sensors of the *MCTs* demonstrate that the Reach Cage is suitable to train animals on goal-directed reaching tasks with target positions not being constrained by the immediately reachable space of the animal. The temporally well-structured task performance at the same time allows behavioral and neurophysiological analyses as applied in more conventional settings.

Time-continuous 3-dimensional arm kinematics during walk-and-reach behavior {#s2-2}
---------------------------------------------------------------------------

As we do not impose physical restraint, the monkeys have more freedom to move than in conventional setups. This allows for testing new behavioral paradigms such as the walk-and-reach task but also provides more freedom in how to solve the task. We used DeepLabCut ([@bib66]) for video-based motion capture and analyzed kinematics and their variability.

We measured the 3-dimensional posture of the reaching arm during the reach and walk-and-reach behavior of 2/3 sessions with a total of 469/872 successful trials in monkey K/L. Specifically, we tracked the monkeys' headcap, left shoulder, elbow, and wrist ([Videos 2](#video2){ref-type="video"}--[5](#video5){ref-type="video"}). [Figure 3A](#fig3){ref-type="fig"} shows the side-view of the body part positions for each trial and video frame between 100 ms before button release and 100 ms after target acquisition for the reach (red) and walk-and-reach (blue) movements to the mid-left target.

###### The video shows reaching movements by monkey K with motion capture labels from all four cameras.

One example trial for each near target is depicted.

###### The video shows reaching movements by monkey L with motion capture labels from all four cameras.

One example trial for each near target is depicted.

###### The video shows walk-and-reach movements by monkey K with motion capture labels from all four cameras.

One example trial for each far target is depicted.

###### The video shows walk-and-reach movements by monkey L with motion capture labels from all four cameras.

One example trial for each far target is depicted.

![Structured behavior during task performance in unrestrained animals.\
(**A**) Motion tracking of the left wrist, elbow, shoulder, and the headcap implant during reach and walk-and-reach movements for monkey K (left) and monkey L (right). Video-based markers are tracked in three dimensions and projected to a side-view. Trial-by-trial marker positions for the reach (red) and walk-and-reach (blue) movements to the mid-left targets are shown for a sampling frequency of 60 Hz, overlaid for multiple sessions (light-dark colors). (**B**) Small trial-to-trial variability of movement trajectories, even across sessions, demonstrates spatially well-structured and consistent behavior. For each trial and marker, the average Euclidean distance to the trial-averaged trajectory at corresponding times is shown (see Materials and methods). For reference, neighboring near targets were mounted at approximately 130 mm distance (dashed line) in this experiment. The *MCT* diameter is 75 mm. (**C**) Reconstructed 3-dimensional arm posture as function of time during reach and walk-and-reach movements based on the video motion capture separately for each monkey and session. The lines connect the marker (wrist to elbow to shoulder to headcap) for each marker position averaged across trials. Gray rectangles show target and start button *MCTs*. Pictures below show snapshots of characteristic postures during an example reach and walk-and-reach trial.](elife-51322-fig3){#fig3}

Within each animal, reach kinematics were highly consistent from trial to trial and from session to session. To quantify the variability in arm posture, we calculated for each target and marker separately and at corresponding times the Euclidean distance between the single-trial trajectories and the across sessions trial-averaged trajectory. [Figure 3B](#fig3){ref-type="fig"} shows the distributions of Euclidean distance averaged over time for each trial, marker, and monkey. The highest variability was seen in the wrist during walk-and-reach movements with a median of 37/46 mm and 0.75-quartile of 50/67 mm for monkeys K and L, respectively. Within a session these median deviations are 1--6 mm smaller. As a reference, the transparent front plate of the targets has a diameter of 75 mm. The center-to-center distance between neighboring targets is around 130 mm (near; shown as dashed line in the plot) and 210 mm (far). This shows that even across sessions, the arm posture during the movements towards the same target at a given time varied only by a few centimeters.

The movement patterns between monkey K (left) and monkey L (right) were different. [Figure 3C](#fig3){ref-type="fig"} shows the trial-averaged arm posture for each time point during the reach and walk-and-reach movements. Monkey K was sitting during the memory period and then used its left forelimb for walking and reaching. Monkey L was standing during the memory period and walked bipedally to the far targets. Both animals used this strategy consistently in all trials.

The kinematic analyses demonstrate that the animals not only complied with the spatial and temporal task requirements in terms of starting and endpoint acquisition but also adopted reliable repetitive behavior in terms of overall reach kinematics despite the lack of physical restraint. The animals used different behavioral strategies. However, the video-based motion capture allowed us to quantify the arm and head kinematics.

Multi-channel single unit activity can be recorded in the Reach Cage using wireless technology {#s2-3}
----------------------------------------------------------------------------------------------

The Reach Cage provides an adequate setting for studying well-isolated single neuron activity from multiple areas of the cerebral cortex of monkeys during movement planning and execution of goal-directed behavior in minimally constrained settings. We here provide simultaneous recordings from three different sensorimotor areas, including non-surface areas inside sulci, during the goal-directed memory-guided walk-and-reach task.

We chronically implanted a total of 192 electrodes in primary motor cortex (M1), dorsal premotor cortex (PMd), and the parietal reach region (PRR) in the posterior parietal cortex of both monkeys using six 32-channel floating microwire arrays (FMA) with various lengths (see Materials and methods). We recorded broadband (30 ksps per channel) neural data from all arrays simultaneously (i.e. up to 192 channels) while the monkeys performed the walk-and-reach task ([Figure 4](#fig4){ref-type="fig"}). The animals moved through the cage wearing the wireless electronics and protective cap without banging the implant into the cage equipment and performed the behavioral task as without the wireless gear.

![Wireless recording in the Reach Cage.\
Four example units from the frontoparietal reach network of monkeys K and L recorded wirelessly while the monkeys performed the memory-guided walk-and-reach task. The figure shows for each unit averaged spike densities with corresponding raster plots (top left), the waveform (top right), and the unfiltered broadband signal during reach and walk-and-reach example movements. Vertical dashed lines indicate task events in order of appearance: target cue (on and off), go cue, start button release, and target acquisition. Error bars indicate bootstrapped 95% confidence interval for the spike densities and s.d. for the waveform. Color indicates near (red) and far (blue) targets, lightness level indicates right (light) to left (dark) target positions.\
Figure 4---source data 1.Data loss rate differences across targets for all trials.Two-way ANOVA table; '\*" indicates significance with p\<0.05.\
Figure 4---source data 2.Data loss rate differences across targets for trials below 5% data loss.Two-way ANOVA table; '\*" indicates significance with p\<0.05.](elife-51322-fig4){#fig4}

We recorded in monkey K/L 2/10 sessions from all six arrays simultaneously using two 96-channel wireless headstages. Our custom-designed implants can house both headstages and protect them and the array connectors against dirt and physical impact. The implants are designed to be used with different commercially available wireless systems, with the 2 × 96 channel digital systems presented here or with a 31- or 127-channel analog wireless system, dependent on the need of the experiment. Implant development and methodological details will be discussed below (Material and methods).

The wireless signal transmission was stable during walking movements. To quantify the stability, we calculated the rate of data loss from lost connection to the wireless system. We checked for each time point if either of the two headstages did not receive data. As a conservative measure, we only considered correctly performed trials, as in these trials it is guaranteed that the animal moved the full stretch from start to goal. The best sessions showed loss rates of 3.18%/1.03% of all time bins for monkey K/L, and worst sessions of 6.59%/6.34%, respectively. On average across sessions and monkeys, the loss rate was 3.32% (s.d. 1.7%). Data loss was spread over all targets with a slight spatial bias ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"} and [Figure 4---source data 1](#fig4sdata1){ref-type="supplementary-material"}, 2 -way ANOVA position F(3, 2657)=3.48, p=0.015; position x distance F(3, 2657)=4.81, p=0.002). The spatial bias was introduced by trials with high data loss rates. When removing trials with a loss rate of above 5% there was no significant spatial bias anymore ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"} and [Figure 4---source data 2](#fig4sdata2){ref-type="supplementary-material"}, 2-way ANOVA position F(3, 2657)=0.88, p=0.45; position x distance F(3, 2657)=2.36, p=0.07). From here on, we only consider correct trials with a loss rate of less than 5%. Note, walk-and-reach trials showed different loss rates from reach trials (F(3, 2657)=279.96, p\<0.001); however, this does not influence further results that focus on movement direction of reach or walk-and-reach movements separately.

The wireless signal quality was stable during walking movements and allowed us to isolate single- and multi-unit activity during the walk-and-reach task. [Figure 4](#fig4){ref-type="fig"} shows four example neurons from the frontoparietal reach network of both monkeys while performing the task. Trial-averaged spike densities (top left) show that units were modulated by task condition. All four example neurons are significantly modulated by target distance, left-to-right target position, time during the trial, and interactions of distance x position and distance x time (ANOVA p\<0.05). Units A and C are mostly active during the memory period while units B and D are active during memory period and movement. Waveforms of the isolated example neurons are shown on the top right of each panel. Unfiltered broadband data of one near (red) and one far (blue) example trial are shown below. Spiking activity can be identified in the broadband signal also during the reach and walk-and-reach movement. We performed the same ANOVA for the activity in each channel of all 12 recorded sessions. Three sessions revealed task-responsive activity on all 192 channels, that is showed at least one effect in distance, position, time, or one of the interactions; across all sessions the mean number of task-responsive channels was 189 (s.d. five channels). Up to 179 channels were position-responsive, that is showing at least one effect in position or one of the interactions (mean: 162, s.d. 17 channels).

In summary, the Reach Cage proved to be suitable for addressing neuroscientific questions based on single and multi-unit recordings. Broadband wireless neural signals showed excellent spike isolation and modulation of spike frequency correlated with behavioral events.

Premotor and parietal cortex encode movement goals beyond immediate reach {#s2-4}
-------------------------------------------------------------------------

The Reach Cage allows us for the first time to test the spatial encoding of movement goals at larger distances to the animal. We wanted to know whether the frontoparietal reach network encodes motor goals only within the immediate reach or also beyond. For this, we computed separately in near and far trials the performance for decoding goal direction (left vs. right) with a support vector machine (SVM) decoder based on multi-unit firing rates.

We analyzed the session with the highest number of trials for each animal to avoid biasing our results by reusing repeated measures of the same neurons on channels that showed stable signals across multiple sessions. [Figure 5A](#fig5){ref-type="fig"} shows the movement paths of the wrist (top) and head (bottom) of the animals for the reach (orange) and walk-and-reach (blue) behavior towards the different targets. [Figure 5B](#fig5){ref-type="fig"} (line plots) shows 20-fold cross validation of decoding accuracy in 300 ms time windows at 100 ms time steps. To test if there is reach goal encoding during movement planning prior to onset of movement, we analyzed the time window during the memory period starting 100 ms after target cue offset. To test if there is reach goal encoding during reaching (near) and during ongoing walking-and-reaching (far), we analyzed the 300 ms immediately before target acquisition. We performed a one-tailed permutation test to determine whether decoding accuracy is significantly above chance. In PMd and PRR, decoding is significant for both memory and movement period for reach and walk-and-reach movements ([Figure 5---source data 1](#fig5sdata1){ref-type="supplementary-material"}). In M1, decoding accuracy only reached significance for walk-and-reach movements in monkey L during the movement period. We then analyzed the population average of the firing rate modulation between the preferred and anti-preferred direction, again left vs. right ([Figure 5B](#fig5){ref-type="fig"} bar plots). We performed a one-tailed permutation test to determine significance. As in the decoding analysis, PMd and PRR show significant firing rate modulation for both memory and movement period for reach and walk-and-reach movements ([Figure 5---source data 2](#fig5sdata2){ref-type="supplementary-material"}). Here, M1 shows significant firing rate modulation during the walk-and-reach movement period for both monkeys but, as for the decoding analysis, not during the memory period.

![Direction decoding in the walk-and-reach task.\
(**A**) Wrist (top) and head (bottom) position during reach (orange) and walk-and-reach (blue) movements towards the eight targets projected to the top-view. Each point corresponds to one location in one trial sampled at 60 Hz. (**B**) Decoding accuracy of 20-fold cross validation of a linear SVM decoder in 300 ms bins at 100 ms time steps (line plots). We decoded if a trial was towards one of the two left or one of the two right targets. Premotor and parietal cortex but not motor cortex showed significant decoding walk-and-reach targets even during the memory period. Statistical testing was done on one bin in the memory period 100--400 ms after the cue and movement period 300--0 ms before target acquisition (black dashed line). The colored dashed curve indicates the significance threshold based on a one-tailed permutation test. The population average of the firing rate modulation between preferred and anti-preferred direction (left vs. right) during the memory and movement bin is shown in the bar plots. The black lines indicate the significance threshold based on a one-tailed permutation test. In both plots, an asterisk corresponds to a significant increase with Bonferroni correction.\
Figure 5---source data 1.Test for significant SVM decoding accuracy.One-tailed permutation test; '\*" indicates Bonferroni corrected significance with p\<0.0042.\
Figure 5---source data 2.Test for significant firing rate modulation.One-tailed permutation test; '\*" indicates Bonferroni corrected significance with p\<0.0042.\
Figure 5---source data 3.Test for change in decoding accuracy between trials with and without passage.Two-tailed permutation test on SVM decoding accuracy differences between with and without passage; '\*" indicates Bonferroni corrected significance with p\<0.0083.\
Figure 5---source data 4.Test for change in firing rate modulation between trials with and without passage.Two-tailed permutation test; '\*" indicates Bonferroni corrected significance with p\<0.0083.](elife-51322-fig5){#fig5}

From the horizontal fanning out of the unconstrained movement patterns ([Figure 5A](#fig5){ref-type="fig"}), it became evident that both animals directed their walking movement towards the goal from early on in the movement. To confirm that the motor goal information decodable from PMd and PRR correlates with the reach goal location rather than initial walking movement direction, we introduced a passage in the middle of the walk-and-reach path (a transparent divider between near and far targets with a narrow opening cut out). Although movement trajectories for the different motor goal locations collapsed onto very similar initial walking directions because of the passage ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}), the decoding accuracy and firing rate modulation was not affected by this measure, that is was independent of the movement path ([Figure 5 -- figure supplement 1B](#fig5s1){ref-type="fig"} and [Figure 5---source data 3](#fig5sdata3){ref-type="supplementary-material"} and [4](#fig5sdata4){ref-type="supplementary-material"}).

Taken together, the Reach Cage environment allows us to study sensorimotor neuroscience questions within an unrestrained spatial setting. Here, we show that target location information is present in premotor and parietal cortex of far-located targets beyond the immediate reach.

Discussion {#s3}
==========

We introduced the Reach Cage as a novel experimental environment for sensorimotor neuroscience with physically unrestrained rhesus monkeys. As a core interactive element, we developed *MaCaQuE*, a new experimental control system for sensorimotor tasks in cage environments. We trained two monkeys to conduct spatially and temporally structured memory-guided reach tasks that required them to reach to targets near or far from them with a walk-and-reach movement. With *MaCaQuE*, we could measure button release and movement times in response to visual cues with the same if not higher temporal precision as in touch screen experiments. Using markerless video-based motion capture, we could track 3-dimensional head and multi-joint arm kinematics for reach and walk-and-reach movements. Trajectories had low spatial variability over trials, showing that monkeys perform instructed movement consistently even when no physical restraint is applied. Variations in movement pattern between task conditions or monkeys could well be quantified in detail with this motion capture approach. In parallel, we wirelessly recorded broadband neural signals of 192 channels from three brain areas (M1, PMd, and PRR) simultaneously, an approach suitable for BMI applications. Isolated single-neuron activities were clearly modulated by the task events and encoded information about the location of immediate reach targets and also of remote walk-and-reach targets. Moreover, we could identify walk-and-reach target location information in premotor and parietal cortex, but not motor cortex, during movement and even during the memory period before the movement. This suggests that premotor and parietal cortex encodes motor goals beyond immediate reach. With our Reach Cage approach, we provide an experimental environment that allows testing fully unrestrained monkeys on spatially and temporally controlled behavior. With wireless intra-cortical recordings and markerless motion capture experimental spatial configurations are possible that are not restricted to the vicinity of the animals but allow studying complex full-body movement patterns.

Far-space motor goal encoding in the frontoparietal reach network {#s3-1}
-----------------------------------------------------------------

We showed that during the memory period of the walk-and-reach task, target location information of near-located reach and far-located walk-and-reach trials was present in PRR and PMd. Reducing the initial walk-and-reach movement path to a minimum variability between the different target directions by introducing a passage did not change decoding accuracy. This indicates that PRR and PMd activity contains spatial information about the reach goal beyond the immediate reach.

PMd (e.g. [@bib32]) and PRR (e.g. [@bib96]) activity are known to encode reach related spatial information during planning of reaches within immediate reach. We now show that this is also true beyond reach when walking behavior is needed to approach the reach target. Monkey K even used its reaching arm for walking by making ground contact, while monkey L was swinging its reaching arm during the locomotion without putting it down. This result might seem surprising in view of 1) neuropsychological studies showing that a near space specific neglect can arise from parietal lesions ([@bib47]; [@bib102]) or parietal transcranial stimulation ([@bib10]) and 2) the existence of bimodal neurons in premotor and posterior parietal cortex that have visual receptive fields centered on body surface and only covering its vicinity ([@bib28]; [@bib44]; [@bib86]; [@bib87]). Yet, none of these studies explicitly show nor disregard PMd or PRR being involved in far space encoding. It could be, for example, that such a near or far space specificity is located in separate parts of premotor or parietal cortex. However, we propose an alternative explanation. The extent of the near space, often called peripersonal space ([@bib87]), is variable. Neurophysiological and neuropsychological studies have shown that it can expand around tools ([@bib9]; [@bib41]; [@bib51]; [@bib53]; [@bib62]; [@bib64]) or fake arms ([@bib11]; [@bib13]; [@bib45]; [@bib63]; [@bib81]). There is evidence from human psychophysics that the peripersonal space, here defined by the spatial extent of visuo-tactile integration, expands towards reach goals ([@bib15]; [@bib16]). Correspondingly, we could show that peripersonal space, as defined by the occurrence of visuo-tactile integration, in human participants expands to reach goals beyond immediate reach when subjects performed a walk-and-reach task similar to here ([@bib7]). While previous research suggested selective encoding of near space in parts of parietal and premotor cortex, goal-directed behavior might lead to an expansion of so-called near space even beyond immediate reach. Far-located walk-and-reach goals hence might effectively be within the 'near space' and be encoded similar to near-located reach goals in parietal and premotor regions known for reach goal selectivity during planning and movement.

Neuroscience of goal-directed behavior in unrestrained non-human primates {#s3-2}
-------------------------------------------------------------------------

As the example of far-space encoding above demonstrates, our understanding of motor cognition and spatial cognition in the primate brain might underestimate the true complexity of cortical representations as experimental needs previously prevented the study of more involved goal-directed full-body movements. While the limitations imposed by tethered recording techniques have been overcome with wireless technologies or data-logging in several neurophysiological studies with unrestrained non-human primates, the investigation of sensorimotor behavior has so far mostly focused on locomotion behavior, such as treadmill or corridor walking, or immediate collection of food items with the forelimb (see [Supplementary file 1](#supp1){ref-type="supplementary-material"} for an overview). In none of these previous studies, was precisely timed and spatially well-structured goal-directed behavior, or even movement planning, investigated in unrestrained monkeys. If behavior was 'instructed', it was always a direct movement towards a food source. Our Reach Cage made it possible to have multiple movement targets dislocated from the food source and placed at variable locations within the cage. Also, it allowed provision of strict temporal instructions to the animals on when to start or when to finish a movement.

With the Reach Cage we aimed for an experimental setting which allows us to study spatial cognitive and full-body sensorimotor behavior with levels of experimental control and behavioral analysis equivalent to conventional chair-seated experiments. We aimed for maximal freedom of the animal to move, and combined this with the conventional approach of a highly trained and structured task that (1) allows us to control movement timing to introduce certain periods, such as movement preparation; (2) ensures that the animal focuses on the specific behavior required by the task demand; and (3) provides repetition for a statistical analysis. With this combination, we were able to train the animals to conduct goal-directed memory-guided walk-and-reach movements upon instruction, a behavior which cannot be studied in chair-based settings or on treadmills.

The animals' movement behavior was only constrained by the task and the overall cage volume. Nonetheless, reach trajectories revealed fast straight movements with little trial-to-trial variability even across sessions. Apparently, over the course of training, the animals had optimized their movement behavior and adopted consistent starting postures and stereotyped movement sequences. We were able to use the interaction device *MaCaQuE* to reveal narrow distributions of hand release time of the start button as response to the go signal and the movement time from the start button to the reach target. This spatiotemporal consistency of the behavior over many trials allows analytical approaches to both the behavioral and the neural data equivalent to conventional settings.

*MaCaQuE* can serve as a robust cage-based equivalent to illuminated push-buttons ([@bib5]; [@bib18]) or a touch screen ([@bib57]; [@bib104]) in conventional experiments, or as an alternative to wall-mounted touch screens in the housing environment ([@bib6]; [@bib20]). Yet, the *MaCaQuE* system is more flexible in terms of spatial configuration. Targets and cues are vandalism-proof and can be placed at any position in large enclosures, allowing for 3-dimensional arrangements and an arbitrarily large workspace. If more explorative, less stereotyped behavior is of interest, the trial-repetitive nature of the current task can easily be replaced by alternative stimulus and reward protocols, for example for foraging tasks. Our reach goal decoding analysis performed on a single trial basis showed that single trial quantification is possible. This would allow for the analyses of unstructured behavior. In another study, we used *MaCaQuE* with humans and expanded it to deliver vibro-tactile stimuli to the subjects' fingers and to receive additional input from push buttons in parallel to the reach target input and output ([@bib7]). It would also be straightforward to implement continuous interaction devices such as a joystick or motors to control parts of the cage, for instance doors. Similar to other systems for neuroscience experimentation and training ([@bib60]; [@bib84]; [@bib100]), we used low-cost off-the-shelf components with an easy-to-program microcontroller platform as a core.

Wireless recordings for BMI applications {#s3-3}
----------------------------------------

An important translational goal of sensorimotor neuroscience with non-human primates is the development of BMI based on intracortical extracellular recordings to aid patients with severe motor impairments. Intracortical signals can be decoded to control external devices, as demonstrated in non-human primates ([@bib22]; [@bib48]; [@bib74]; [@bib89]; [@bib93]; [@bib99]; [@bib101]; [@bib103]), and suited to partially restore motor function in quadriplegic human patients ([@bib1]; [@bib14]; [@bib29]; [@bib43]; [@bib50]; [@bib105]). The results from the Reach Cage allow relevant insight towards BMI applications in two ways. First, we show encoding of reach goals during other ongoing movement behavior (locomotion). A previous study showed that when monkeys perform an arm movement task in parallel to a BMI cursor task based on decoding arm movement related neural activity, the BMI performance decreases ([@bib80]). Little was known before about the stability of forelimb decoding performance when other body movements are performed in parallel, such as walking. For partially movement-impaired patients, such as arm amputees, existence of reach goal signals, as demonstrated here, is a prerequisite for restoring the lost function with a prosthesis while still conducting the healthy movements, for example walking. Second, the Reach Cage in its current form with its discrete lights and targets provides a useful environment for BMI studies that follow a different approach, namely to control smart devices or a smart home with ambient assisted living environments reacting to discrete sets of commands. While the user only needs to choose among a discrete set of programs, the smart device or home would take care of the continuous control of the addressed actuators. The Reach Cage is a useful tool to develop such a BMI that makes temporally precise and correct decisions on which program to activate. Importantly, the Reach Cage allows to test if, and in which brain areas, such decisions are encoded invariant to body position in the room, important also for patients incapable of walking but using assistdevices such as a wheelchair to relocate ([@bib85]).

We show that our recording bandwidth and quality is sufficiently high for analyzing neural spiking activity in multiple brain areas simultaneously. Further, we show that there is enough information in the population activity to be detected by a decoder on a single trial basis. This is an important prerequisite for BMI applications, and also for the analysis of free behavior, for which structured repetitive behavior is neither given nor wanted. To our knowledge, 192 channels is the highest channel count of recording full broadband (30 ksps per channel) intracortical recordings in unrestrained non-human primates. Previous studies presented simultaneous recordings of 96 channels broadband data; when higher channel counts were used, for example spiking activity from 512 channels ([@bib92]), automatic spike detection on the headstage was applied and only spike times and waveforms were transmitted and recorded. This is sufficient for spike time analyses but full broadband data would be necessary to extract local field potentials and to change spike detection post-hoc.

An alternative to wireless recordings is data logging, which can be used to store the recorded data on a head-mounted device ([@bib54]; [@bib55]; [@bib109]). While the logging device is detached from any behavioral monitoring or task instruction system, additional measures can be taken to ensure offline synchronization of behavioral data with the logged neural data. Yet, real-time spike sorting and data processing for closed-loop BMI applications are limited to the head-mounted computational capacity when using loggers, which is usually low, while a wireless transmission provides access to powerful processors outside the animal.

Three-dimensional markerless motion capture in the Reach Cage {#s3-4}
-------------------------------------------------------------

In addition to *MaCaQuE* for experimental control, we demonstrated the usefulness of 3-dimensional video-based multi-joint motion tracking during the walk-and-reach movements. Reliable motion capture with unrestrained monkeys provides a technical challenge. At least two cameras need to see a marker or body part to reconstruct a 3-dimensional position. Occlusion by objects or the animal itself is usually an issue ([@bib23]; [@bib68]). When using systems based on physical markers (active LEDs or passive reflectors), rhesus monkeys tend to rip off the markers attached to their body, unless excessively trained. An alternative is fluorescent or reflective markers directly painted to the skin of the animal ([@bib31]; [@bib82]), which also require continuously repeated shaving, or markers that cannot be removed, such as collars ([@bib3]). Video-based marker-free system models designed for use with monkeys were recently reported ([@bib2]; [@bib76]); however, these are not yet reported with neurophysiological recordings. We used the recently introduced open source toolbox DeepLabCut ([@bib66]), which provides markerless tracking of visual features in a video, such as body parts but also objects. DeepLabCut provides excellent tracking of body parts from different species such as monkeys ([@bib59]), mice, flies, humans, fish, horses, and cheetahs ([@bib77]), While we focus on instructed behavior, the current motion capture setting would allow quantification of 3-dimensional free behavior of non-human primates given an appropriate number of camera views.

Conclusion {#s3-5}
----------

Systems neuroscience can benefit substantially from the possibility of quantifying free behavior and simultaneously recording large-scale brain activity, particularly, but not only in sensorimotor research. This possibility opens a range of new opportunities, for example to study motor control of multi-joint and whole-body movements, spatial cognition in complex workspaces, or social interactive behavior. With the opportunities that wireless technology offers, a desirable approach would be to let the monkey freely decide on its behavior to obtain neural correlates of most natural behavior ([@bib42]) while motion capture provides the related movement kinematics ([@bib2]; [@bib3]; [@bib4]; [@bib66]; [@bib76]; [@bib82]). In fact, we consider it an important next step in systems neuroscience to demonstrate that the important and detailed knowledge that has been gained from tightly controlled experimental settings generalizes well to more naturalistic behaviors. Here, with the Reach Cage we present an experimental environment in combination with high-channel count wireless recording from multiple brain areas and with multi-joint markerless motion capture. We demonstrated that we can use this setting to study instructed behavior, for which it is easier to isolate different behavioral aspects of interest (movement planning, walking, and reaching). This allowed us to isolate movement planning related activity to reach targets outside of the immediate reach. We could show that the frontoparietal reach network encodes such far-located reach goals.

Materials and methods {#s4}
=====================

Animals {#s4-1}
-------

Two male rhesus monkeys (Macaca mulatta K age: 6 years; and L age: 15 years) were trained in the Reach Cage. Both animals were behaviorally trained with positive reinforcement learning to sit in a primate chair. Monkey K did not participate in any research study before but was trained on a goal-directed reaching task on a touch screen device in the home enclosure ([@bib6]). Monkey L was experienced with goal-directed reaching on a touch screen and with a haptic manipulandum in a conventional chair-seated setting before entering the study ([@bib71]). Both monkeys were chronically implanted with a transcutaneous titanium head post, the base of which consisted of four legs custom-fit to the surface of the skull. The animals were trained to tolerate periods of head fixation, during which we mounted equipment for multi-channel wireless recordings. We implanted six 32-channel floating microelectrode arrays (Microprobes for Life Science, Gaithersburg, Maryland) with custom electrode lengths in three areas in the right hemisphere of cerebral cortex. Custom-designed implants protected electrode connectors and recording equipment. The implant design and implantation procedures are described below.

Both animals were housed in social groups with one (monkey L) or two (monkey K) male conspecifics in facilities of the German Primate Center. The facilities provide cage sizes exceeding the requirements by German and European regulations, and access to an enriched environment including wooden structures and various toys ([@bib20]). All procedures have been approved by the responsible regional government office \[Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES)\] under permit numbers 3392 42502-04-13/1100 and comply with German Law and the European Directive 2010/63/EU regulating use of animals in research.

MaCaQuE {#s4-2}
-------

We developed the *Macaque Cage Query Extension* (*MaCaQuE*) to provide computer-controlled visual cues and reach targets at freely selectable individual positions in a monkey cage ([Figure 1](#fig1){ref-type="fig"}). *MaCaQuE* comprises a microcontroller-based interface, controlled via a standard PC, plus a variable number of *MaCaQuE* Cue and Target boxes (*MCT*).

The *MCT* cylinder is made of PVC plastic and has a diameter of 75 mm and a length of 160 mm. At one end of the cylinder the *MCTs* contain a capacitive proximity sensor (EC3016NPAPL, Carlo Gavazzi, Steinhausen, Switzerland) and four RGB-LEDs (WS2812B, Worldsemi Co., Daling Village, China), both protected behind a clear polycarbonate cover. With the LEDs, light stimuli of different color (8-bit color resolution) and intensity can be presented to serve as visual cues ([Figure 1B](#fig1){ref-type="fig"}). The LEDs surround the proximity sensor, which registers when the monkey touches the middle of the polycarbonate plate with at least one finger. This way the *MCT* acts as a reach target. LEDs, sensor plus a custom-printed circuit board for controlling electronics and connectors are mounted to a custom-designed 3D-printed frame made out of PA2200 (Shapeways, New York City, New York). A robust and lockable RJ45 connector (etherCON, Neutrik AG, Schaan, Liechtenstein) connects the *MCT* to the interface unit from the opposite side of the cylinder via standard Ethernet cables mechanically protected inside flexible metal tubing. The RGB-LEDs require an 800 kHz digital data signal. For noise reduction, we transmit the signal with a differential line driver (SN75174N, SN74HCT245N, Texas Instruments Inc, Dallas, Texas) via twisted-pair cabling in the Ethernet cable to a differential bus transreceiver (SN75176B, Texas Instruments Inc) on the *MCT*. Ethernet cables are CAT 6; however, any other category would be suitable (CAT 1 up to 1 MHz). This setting allows us to use cables at least up to 15 m. Hence, there are no practical limits on the spatial separation between *MCTs* and from the interface for applications even in larger animal enclosures. We did not test longer cables. Apart from the one twisted-pair for the data stream of the RGB-LEDs, the Ethernet cable transmits 12 V power from the interface unit and the digital touch signal from the proximity sensor to the interface unit. The proximity sensor is directly powered by the 12 V line. The LEDs receive 5 V power from a voltage regulator (L7805CV, STMicroelectronics, Geneva, Switzerland) that scales the 12 V signal down. The PVC and polycarbonate enclosure of the *MCT* as well as the metal cable protection are built robustly enough to be placed inside a rhesus monkey cage. *MaCaQuE* incorporates up to two units to deliver precise fluid rewards ([@bib20]). Each unit consists of a fluid container and a peristaltic pump (OEM M025 DC, Verderflex, Castleford, UK). MOSFET-transistors (BUZ11, Fairchild Semiconductor, Sunnyvale, California) on the interface unit drive the pumps.

The *MCTs* and reward systems are controlled by the Arduino-compatible microcontroller (Teensy 3.x, PJRC, Sherwood, Oregon) placed on a custom-printed circuit board inside the interface unit ([Figure 1C](#fig1){ref-type="fig"}). To operate a high number of *MCTs* the microcontroller communicates with the proximity sensor and LEDs using two serial data streams, respectively. For the proximity sensor, we used shift registers (CD4021BE, Texas Instruments) that transform the parallel output from the *MCTs* to a single serial input to the microcontroller. The LEDs have an integrated control circuit to be connected in series. An additional printed circuit board connected to the main board contained 16 of the RGB-LEDs that receive the serial LED data stream from the microcontroller. We use this array of LEDs to convert the serial stream into parallel input to the *MCTs* by branching each input signal to the differential line drivers that transmit the signal to each *MCT*. To optimize the form factor of the interface unit, we made a third custom-printed circuit board that contains all connectors. In our current experiments, we assembled a circuit for connecting up to 16 *MCTs* but the *MaCaQuE* system would be easily expandable to a larger number. To set the transistors to drive the pumps of the reward systems, the 3.3V logic signal from the microcontroller is scaled up to 5V by a buffer (SN74HCT245N, Texas Instruments Inc, Dallas, Texas). As *MaCaQuE* incorporates parts operating at 3.3V (microcontroller), 5V (LED array), and 12V (peristaltic pump and *MCT*), we used a standard PC-power supply (ENP-7025B, Jou Jye Computer GmbH, Grevenbroich, Germany) as power source. Additionally, 12 digital general-purpose-input-output (GPIO) pins are available on the interface, which were used to 1) send and receive synchronizing signals to other behavioral or neural recording hardware (strobe); 2) add a button to manually control reward units; and 3) add a switch to select which reward unit is addressed by the manual reward control. Further options such as sending test signals or adding sensors or actuators are possible. Custom-printed circuit boards are designed with EAGLE version 6 (Autodesk Inc, San Rafael, California).

We used Arduino-C to program the microcontroller firmware. *MaCaQuE* was accessed by a USB connection from a computer using either Windows or Mac OS. A custom-written C++ software package (MoRoCo) operated the behavioral task and interfaced with *MaCaQuE* via the microcontroller. We developed hardware testing software using Processing and C++. *MaCaQuE* was also used in another study involving human participants ([@bib7]). Schematics and software are available online ([@bib8] and <https://github.com/sensorimotorgroupdpz/MaCaQuE>).

Reach Cage {#s4-3}
----------

The Reach Cage is a cage-based training and testing environment for sensorimotor experiments with a physically unrestrained rhesus monkey ([Figure 1A](#fig1){ref-type="fig"}, [Video 1](#video1){ref-type="video"}). Inner cage dimensions are 170 cm x 80 cm x 85 cm (W x D x H) with a metal mesh grid at the top and bottom, a solid metal wall on one long side (back), and clear polycarbonate walls on all other sides. The idea of the experiment was to implement a memory-guided goal-directed reach task with instructed delay, equivalent to common conventional experiments ([@bib33]), to compare neural responses during planning and execution of reaches towards targets at different positions in space.

We used *MaCaQuE* to provide 10 visual cues and reach targets (*MCTs*) inside the cage ([Figure 1D](#fig1){ref-type="fig"}). Two *MCTs* were positioned on the floor pointing upwards. Eight were placed 25 cm below the ceiling in two rows of four each, pointing toward the middle position between the two *MCTs* on the floor. The floor *MCTs* provided the starting position for the behavioral task (start buttons). The monkey could comfortably rest its hands on the start buttons while sitting or standing in between. The row of ceiling *MCTs* closer to the starting position was placed with a 10 cm horizontal distance and 60 cm vertical distance to the starting position (near targets). We chose this configuration to provide a comfortable position for a rhesus monkey to reach from the starting positions to the near targets without the need to relocate its body. The second row of *MCTs* was positioned at 100 cm horizontal distance from the starting positions (far targets) requiring the animal to make steps towards the targets ([Figure 2B](#fig2){ref-type="fig"}). An 11^th^*MCT* was placed outside the cage in front of the monkey (in the starting position and facing the opposite wall) to provide an additional visual cue. For positive reinforcement training, *MaCaQuE's* reward systems can provide fluid reward through protected silicon and metal pipes into one of two small spoon-size stainless steel bowls mounted approx. 20 cm above the floor in the middle of either of the two long sides of the Reach Cage.

Behavioral task {#s4-4}
---------------

We trained both monkeys on a memory-guided walk-and-reach task with instructed delay ([Figure 2A](#fig2){ref-type="fig"}). When the *MCT* outside lit up, the monkeys were required to touch and hold both start buttons (hand fixation). After 400--800 ms, one randomly chosen reach target lit up for 400 ms indicating the future reach goal (cue). The animals had to remember the target position and wait for 400--2000 ms (memory period) until the light of the *MCT* outside changed its color to red without changing the luminance (go cue). The monkeys then had a 600 ms time window starting 200 ms after the go cue to release at least one hand from the start buttons. We introduced the 200 ms delay to discourage the animals from anticipating the go cue and triggering a reach prematurely. After releasing the start buttons, the animals needed to reach to the remembered target within 600 ms or walk-and-reach within 1200 ms dependent on whether the target was near or far. Provided the animals kept touching for 300 ms, the trial counted as correct indicated by a high pitch tone and reward. A lower tone indicated an incorrect trial. The reward was delivered as juice in one of two randomly assigned drinking bowls. We used unpredictable sides for reward delivery to prevent the animal from planning the movement to the reward before the end of the trial.

In the beginning, we did not impose the choice of hand on the monkeys in this study but let them freely pick their preferred hand. While monkey K reached to the targets with the right hand, monkey L used the left hand. Both animals consistently used their preferred hand and never switched. For the walk-and-reach task we trained monkey K to use its left hand using positive reinforcement training. Once trained, the monkey used consistently its left hand.

In a control session ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}) we added a passage in the middle of the walk-and-reach movements. The session was split into two blocks with (160/100 trials for monkey K/L) and without (154/178 trials for monkey K/L) this passage. The passage had an opening of 31 cm horizontally that constrained the animal's walk-and-reach movements to a narrower path. Reach movements were unaffected.

All data presented in this manuscript were collected after animals were trained on the behavioral task.

Motion capture and analysis of behavior {#s4-5}
---------------------------------------

The animals' behavior was analyzed in terms of accuracy (percent correct trials), timing (as registered by the proximity sensors), and arm kinematics (video-based motion capture).

We analyzed start button release and movement times of both monkeys based on the *MCT* signals when they performed the walk-and-reach task (monkey K: 19 sessions; monkey L: 10 sessions). Button release time is the time between the go cue and the release of one of the start buttons. Movement time is the time between the release of one of the start buttons and target acquisition. We analyzed the timing separately for each monkey and separately for all near and all far targets.

Additionally, we tracked continuous head and arm kinematics in detail offline (). We recorded four video streams in parallel from different angles together with the *MCT* signals and the neural data. For these synchronized multi-camera video recordings, we used a commercial video capture system (Cineplex Behavioral Research System, Plexon Inc, Dallas, Texas) incorporating four Stingray F-033/C color cameras (Allied Vision Technologies GmbH, Stadtroda, Germany). Videos were recorded with 60 fps frame rate in VGA resolution. Video processing on camera and host PC takes less than 20 ms (camera shutter opening time not included). The system uses a central trigger to synchronize all cameras. For synchronization with all other data, the system sent a sync pulse every 90 frames to *MaCaQuE*.

To quantify the movement trajectories, we tracked the 3-dimensional position of the left wrist, elbow, shoulder, and headcap (part of the head implant, see below and [Figure 6C](#fig6){ref-type="fig"}, no 10) frame-by-frame when the monkeys performed the walk-and-reach task correctly. To do so, we first tracked the 2-dimensional position in each video and then reconstructed the 3-dimensional position out of the 2-dimensional data. For 2-dimensional markerless body-part tracking we used DeepLabCut (DLC), based on supervised deep neural networks to track visual features consistently in different frames of a video ([@bib66]; [@bib67]; [@bib77]). We trained a single network based on a 101-layer ResNet for all four cameras and both monkeys. Using DLC's own tools, we labeled in total 7507 frames from 12 sessions (four monkey K and eight monkey L). All training frames were randomly extracted from times at which the monkeys performed the walk-and-reach task correctly. We not only trained the model to track headcap, left wrist, elbow, and shoulder, but also snout, left finger, right finger, wrist, elbow, shoulder, tail, and four additional points on the headcap. While those additional body parts were less often visible with this specific camera setting and not of interest for our current study, the tracking of certain desired features can be improved by training DLC models to additional other features (see [@bib66] for details). We used cross validation to estimate the accuracy of DLC in our situation, using 95% of our labeled data as training data for the model and 5% as test data. The model provides a likelihood estimate for each data point. We removed all results with a likelihood of less than 0.9. For the remaining data points of all 10 features, the root mean squared error was 2.57 pixels for the training and 4.7 pixels for test data. With this model we estimated the position of the body parts in each video. Then we reconstructed the 3-dimensional position using the toolbox pose3d ([@bib95]). First, we captured images from a checkerboard with defined length on all four cameras at the same time. Using the Computer Vision Toolbox from Matlab (Mathworks Inc, Natick, Massachusetts), we estimated the camera calibration parameters for each camera and for each camera pair. Pose3d uses those parameters to triangulate the 3-dimensional position from at least two camera angles. If feature positions from more than two cameras are available, pose3d will provide the least-squares estimate. By projecting the 3-dimensional position back into 2-dimensional camera coordinates we could measure the reprojection error. We excluded extreme outliers with a reprojection error above 50 pixels for at least one camera.

![Implant system design.\
(**A**) Three-dimensional computer models of the implants and electronics. The skull model of monkey L (beige) is extracted from a CT scan including the titanium implant for head fixation (4, headpost), which was already implanted before this study. Further implants are colored for illustrative purposes and do not necessarily represent the actual colors. (**B**) Image of microelectrode array placement during the surgery of monkey L (top) and monkey K (bottom). Anatomical landmark descriptions: IPS -- intraparietal sulcus; CS -- central sulcus; PCD -- postcentral dimple; AS -- arcuate suclus. (**C**) Image of the implants on monkey L's head. (**D**) Different configurations of wireless headstages and protective headcaps temporally mounted on the implants. Numbers indicate: 1 -- chamber; 2 -- adapter board holder; 3 -- array connector holder; 4 -- headpost (from CT scan); 5 -- flat headcap; 6 -- W32 headstage; 7 -- W128 headstage; 8 - Exilis headstage (two used in parallel); 9 -- headcap for W128 headstage; 10 - headcap for W32 or Exilis headstages.](elife-51322-fig6){#fig6}

After the reconstruction of the 3-dimensional positions of the body parts, we performed an outlier analysis. First, we applied a boundary box with the size of 132 cm x 74 cm x 75 cm (W x D x H) and removed data points that lay outside the box. Second, we looked for outliers based on discontinuity over time (aka speed). We calculated the Euclidean distance between each consecutive time point for each body part trajectory and applied a threshold to detect outliers. We only rejected the first and every second outlier as a single outlier will lead to two 'jumps' in the data. Then we reiterated the process until all data points were below threshold. We applied different thresholds for each body part, dependent on whether the frame was during a movement (between start button release and target acquisition) or not. Specifically, we used 12 mm/frame and 80 mm/frame for the wrist and 15 mm/frame and 40 mm/frame for the other body parts with the higher threshold during the movement. With a frame rate of 60 fps, 100 mm/frame corresponds to 6 m/s. After rejecting all outliers (DeepLabCut low likelihood, reprojection error, boundary box, and discontinuity), the percentage of valid data points of all seven analyzed sessions during correctly performed trials for Monkey K/L was: wrist 94.93%; elbow 92.51%; shoulder 94.98%; headcap 97.58%. We interpolated the missing data points using phase preserving cubic interpolation.

We analyzed the movement trajectories of the four body parts during reach and walk-and-reach movements. For the behavioral analysis (2/3 sessions, 469/872 successful trials monkey K/L), we chose a time window of between 100 ms before start button release and 100 ms after target acquisition ([Figure 3](#fig3){ref-type="fig"}). For the analysis with neural data (231/326 successful trials monkey K/L one session each), we chose the time window of between 300 ms before start button release and 300 ms after target acquisition ([Figure 5](#fig5){ref-type="fig"}). In both cases, we used linear interpolation for temporal alignment of the data between trials and relative to the neural data in the latter case. For trial-averaging, we averaged the data across trials on each aligned time point for each dimension. The 3-dimensional data are presented from a side-view ([Figure 3](#fig3){ref-type="fig"}) and top-view ([Figure 5A](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}) of the movement. The side-view is defined by one of the four cameras directly facing the side of the Reach Cage. Arm posture plots are straight lines connecting wrist with elbow, elbow with shoulder, and shoulder with headcap. For the variability analysis, we calculated the Euclidean distance at each time point and trial to the trial-averaged trajectory for each target and body part. We then averaged the distances over all time points for each trial and present the median and 0.75-quartile for each body part and target distance pooled over the target position. For the control session with a narrow passage ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}, 314/278 successful trials monkey K/L one session each), we additionally analyzed the spread of the wrist and head position of the walk-and-reach movements over trials at a 40 cm distance from the animals' average wrist starting position. We report range and s.d. over the axis orthogonal to the side-view, that is the target axis, and used the Kolmogorow-Smirnow test to determine whether distributions with and without narrow passage differed.

The behavioral analyses were performed using Matlab with the data visualization toolbox *gramm* ([@bib72]). The 2-dimensional feature tracking with DeepLabCut was done in Python (Python Software Foundation, Beaverton, Oregon).

Implant system design {#s4-6}
---------------------

Wireless neural recordings from the cerebral cortex of rhesus monkeys during minimally restrained movements require protection of the electrode array connectors and the headstage electronics of the wireless transmitters. We designed a protective multi-component implant system to be mounted on the animal skull ([Figure 6](#fig6){ref-type="fig"}). The implant system and implantation technique was designed to fulfill the following criteria: 1) Electrode connectors need to be protected against dirt and moisture; 2) While the animal is not in the experiment, the implants need to be small and robust enough for the animal to live unsupervised with a social group in an enriched large housing environment; 3) During the experiment, the wireless headstage needs to be protected against manipulation by the animal and potential physical impacts from bumping the head; 4) The head-mounted construction should be as lightweight as possible; 5) Placing of the electrode arrays and their connectors during the surgery needs to be possible without the risk of damaging electrodes, cables, or the brain; 6) Implant components in contact with organic tissue need to be biocompatible; 7) Temporary fixation of the animal's head in a primate chair needs to be possible for access to implants and for wound margin cleaning; 8) Implants must not interfere with wireless signal transmission; 9) Optionally, the implant may serve as trackable object for motion capture.

We designed the implant system for two main configurations: first, a home configuration containing only permanently implanted components and being as small as possible when the animal is not in a recording session but in its group housing ([Figure 6D](#fig6){ref-type="fig"}, top left); second, a recording configuration with removable electronic components being attached. This configuration should fit a 31-channel headstage, a 127-channel headstage (W32/W128, Triangle BioSystems International, Durham, North Carolina), or two 96-channel headstages (CerePlex Exilis, Blackrock Microsystems LLC, Salt Lake City, Utah). Headstage placement is illustrated in [Figure 6D](#fig6){ref-type="fig"}. The implant system consists of four custom-designed components: a skull-mounted outer encapsulation (chamber; [Figure 6A/C](#fig6){ref-type="fig"}, no 1), a mounting base for holding a custom-designed printed circuit board (adaptor board holder, no 2), a mounting grid to hold the connectors of the electrode arrays (connector holder, no 3), and a set of different-sized caps to contain (or not) the different wireless headstages (no 5--10). Dimensions of the wireless headstages are W32: 17.9 mm x 25 mm x 14.2 mm (W x D x H), 4.5 g weight; W128: 28.7 mm x 34.3 mm x 14.2 mm (W x D x H), 10 g weight; Exilis: 25 mm x 23 mm x 14 mm (W x D x H), 9.87 g weight.

We designed the implants custom-fit to the skull using CT and MRI scans. Using 3D Slicer (Brigham and Women\'s Hospital Inc, Boston, Massachusetts), we generated a skull model out of the CT scan ([Figure 6A](#fig6){ref-type="fig"}) and a brain model out of the MRI scan (T1-weighted; data not shown). In the MRI data we identified the target areas for array implantation based on anatomical landmarks (intraparietal, central, and arcuate sulci; pre-central dimple), and defined Horsley-Clarke stereotactic coordinates for the craniotomy necessary for array implantation ([Figure 6B](#fig6){ref-type="fig"}). We used stereotactic coordinates extracted from the MRI scan to mark the planned craniotomy on the skull model from the CT scan. We then extracted the mesh information of the models and used Inventor (Autodesk Inc, San Rafael, California) and CATIA (Dassault Systèmes, Vélizy-Villacoublay, France) to design virtual 3-dimensional models of the implant components which are specific to the skull geometry and planned craniotomy. Both monkeys already had a titanium headpost implanted, of which the geometry, including subdural legs, was visible in the CT ([Figure 6A](#fig6){ref-type="fig"}, no 4), and, therefore, could be incorporated into our implant design.

We built the chamber to surround the planned craniotomy and array connectors ([Figure 6A/C](#fig6){ref-type="fig"}, no 1). The chamber was milled out of polyether ether ketone (TECAPEEK, Ensinger GmbH, Nufringen, Germany) to be lightweight (monkey K/L: 10/14 grams; 65/60.3 mm max. length, 50/49.5 mm max. width, 24.9/31.2 mm max. height; wall thickness: 2/2 mm) and biocompatible. For maximal stability despite low diameter, stainless-steel M2 threads (Helicoil, Böllhoff, Bielefeld, Germany) were inserted into the wall for screwing different protective headcaps onto the chamber. The built-in eyelets at the outside bottom of the chamber wall allow mounting of the chamber to the skull using titanium bone screws (2.7 mm corticalis screws, 6--10 mm length depending on bone thickness, DePuy Synthes, Raynham, Massachusetts). Fluting of the lower half of the inner chamber walls let dental cement adhere to the chamber wall.

The subdural 32-channel floating microelectrode arrays (FMA, Microprobes for Life Science) are connected by a stranded gold wire to an extra-corporal 36-pin nano-strip connector (Omnetics Connector Corporation, Minneapolis, Minnesota). We constructed an array connector holder to hold up to six of the Omnetics connectors inside the chamber ([Figure 6A/C](#fig6){ref-type="fig"}, no 3). The connector holder was 3D-printed in a very lightweight but durable and RF-invisible material (PA2200 material, Shapeways). The holding grid of the array connector holder is designed such that it keeps the six connectors aligned in parallel with 2 mm space between. The spacing allows for: 1) connecting six 32-channel Cereplex (Blackrock Microsystems LLC) headstages for tethered recording simultaneously on all connectors, 2) directly plugging a 31-channel wireless system onto one of the array connectors, or 3) flexibly connecting four out of six arrays with adaptor cables to an adaptor board, linking the arrays to a 127-channel wireless system. The total size of the array connector is 27 mm x 16.2 mm incorporating all six connectors. The bottom of the array connector holder fits the skull geometry with a cut-out to be placed above an anchor screw in the skull for fixation with bone cement (PALACOS, Heraeus Medical GmbH, Hanau, Germany). This is needed as the array connector is placed on the skull next to the craniotomy during insertion of the electrode arrays, that is before implantation of the surrounding chamber (see below). The medial side of the holding grid, pointing to the craniotomy, is open so that we can slide in the array connectors from the side during the surgery. On the lateral side small holes are used to inject dental cement with a syringe to embed and glue the connectors to the grid.

The 31-channel wireless headstage can be directly plugged into a single Omnetics nano-strip array connector. The 127-channel wireless headstage instead has Millmax strip connectors (MILL-MAX MFG. CORP., Oyster Bay, New York) as input. A small adapter board (electrical interface board, Triangle BioSystems International) builds the interface to receive up to four Omnetics nano-strip connectors from the implanted arrays via adaptor cables (Omnetics Connector Corporation). We constructed a small holder with two M3 Helicoils for permanent implantation to later screw-mount the adaptor board when needed during recording ([Figure 6A/C](#fig6){ref-type="fig"}, no 2). Fluting on the sides of the adaptor board holder helps embedding of the holder into dental cement. Like the array connector holder, the adaptor board holder was 3D-printed in PA2200. The 96-channel Exilis headstages have three Omnetics nano-strip connectors which would fit into the array connectors; however, precise alignment was very difficult because of the small size of the connector. Instead we relied on adapter cables, as with the 127-channel headstage, to connect headstage and array connectors. The two headstages fit perfectly in the protective headcap ([Figure 6D](#fig6){ref-type="fig"}, no 10), which also prevents movements of the headstage itself.

Depending on the experiment and space needed, we used three different protective headcaps. While the animal was not in an experiment, a flat 4 mm machine-milled transparent polycarbonate headcap with rubber sealing protected the connectors against moisture, dirt, and manipulations ([Figure 6D](#fig6){ref-type="fig"}, no 5). During experiments, we used two specifically designed protective headcaps for the two different wireless headstages. Both were 3D-printed in PA2200 in violet color to aid motion capture. As the 31-channel wireless headstage is connected to the array connectors directly, it extends over the chamber walls when connected to one of the outermost connectors ([Figure 6D](#fig6){ref-type="fig"}, no 6). We designed the respective protective headcap to cover this overlap ([Figure 6D](#fig6){ref-type="fig"}, no 10). The 127-channel wireless headstage ([Figure 6D](#fig6){ref-type="fig"}, no 7) with its adapter board is higher and overlaps the chamber on the side opposite to the connectors. We designed the respective headcap accordingly ([Figure 6D](#fig6){ref-type="fig"}, no 9). The two 96-channel Exilis Headstages were used with the smaller headcap (no 10). For Monkey L, we 3D-printed a version with slightly larger inner dimensions in green polylactic acid (PLA) using fused deposit modeling.

As the 3D-printed headcaps were only used during recording sessions, that is for less than 2 h, without contact to other animals, and under human observation, we did not add extra sealing against moisture. However, by adding rubber sealing, the internal electronics would be safe even for longer periods of time in a larger and enriched social-housing environment without human supervision.

Surgical procedure {#s4-7}
------------------

The intracortical electrode arrays and the permanent components of the chamber system were implanted during a single sterile surgery under deep gas anesthesia and analgesia via an IV catheter. Additionally, the animals were prophylactically treated with phenytoin (5--10 mg/kg) for seizure prevention, starting from 1 week before surgery and continuing until 2 weeks post-surgery (fading-in over 1 week), and with systemic antibiotics (monkey K: cobactan 0.032 ml/kg and synolux 0.05 ml/kg 1 day pre-surgery and 2 days post-surgery; monkey L: duphamox, 0.13 ml/kg, 1 day pre-surgery to 1 day post-surgery). During craniotomy, brain pressure was regulated with mannitol (monkey K/L: 16/15.58 ml/kg; on demand). Analgesia was refreshed on a 5 h cycle continuously for 4 post-surgical days using levomethadon (0.28/0.26 mg/kg), daily for 1/3post-surgical days using metacam (0.24/0.26 mg/kg) and for another 4 days (rimadyl, 2.4/1.94 mg/kg) according to demand.

We implanted six FMAs in the right hemisphere of both monkeys. Each FMA consists of 32 parylene-coated platinum/iridium electrodes and four ground electrodes arranged in four rows of nine electrodes (covering an area of 1.8 mm x 4 mm) staggered in length row-wise, with the longest row opposite the cable and the shortest row closest to the cable. Two FMAs were placed in each of the three target areas: parietal reach region (PRR), dorsal premotor cortex (PMd), and arm-area of primary motor cortex (M1). MRI scans were used to define desired array positions and craniotomy coordinates. As we did not know the location of blood vessels beforehand, the final placing of the arrays was done based on the visible anatomical landmarks. PRR arrays were positioned along the medial wall of the intraparietal sulcus (IPS) starting about 7 mm away from the parieto-occipital sulcus ([Figure 6B](#fig6){ref-type="fig"}), with electrode lengths of 1.5--7.1 mm. M1 arrays were positioned along the frontal wall of the central sulcus, at a laterality between precentral dimple and arcuate spur, with electrode lengths of 1.5--7.1 mm. The longer electrodes of PRR and M1 arrays were located on the side facing the sulcus. PMd arrays were positioned, between arcuate spur, precentral dimple, and the M1 arrays as close to the arcuate spur, with electrode lengths of 1.9--4.5 mm.

Except for the steps related to our novel chamber system, the procedures for FMA implantation were equivalent to those described in [@bib91]. The animal was placed in a stereotaxic instrument to stabilize the head and provide a Horsley-Clarke coordinate system. We removed skin and muscles from the top of the skull as much as needed based on our pre-surgical craniotomy planning. Before the craniotomy, we fixed the array connector holder to the skull with a bone screw serving as anchor and embedded in dental cement on the hemisphere opposite to the craniotomy. After removing the bone with a craniotome (DePuy Synthes) and opening the dura in a U-shaped flap for later re-suturing, we oriented and lowered the microelectrode arrays one-by-one using a manual micro-drive (Narishige International Limited, London, UK), which was mounted to the stereotaxic instrument on a ball-and-socket joint. Before insertion, the array connector was put into our array connector holder and fixed with a small amount of dental cement. During insertion, the array itself was held at its back plate under-pressure in a rubber-coated tube connected to a vacuum pump which was attached to the microdrive. We slowly lowered the electrodes about 1 mm every 30 s until the back plate touched the dura mater. We let the array rest for 4 min before removing first the vacuum and then the tube.

After implanting all arrays, we arranged the cables for minimal strain and closed the dura with sutures between the cables. We placed Duraform (DePuy Synthes) on top, returned the leftover bone from the craniotomy and filled the gaps with bone replacement material (BoneSource, Stryker, Kalamazoo, Michigan). We sealed the craniotomy and covered the exposed bone surface over the full area of the later chamber with Super-Bond (Sun Medical Co Ltd, Moriyama, Japan). We secured the array cables at the entry point to the connectors and filled all cavities in the array connector holder with dental cement. We mounted the chamber with bone screws surrounding implants and craniotomy, positioned the adaptor board holder, and filled the inside of the chamber with dental cement ([Figure 6C](#fig6){ref-type="fig"}). Finally, we added the flat protective headcap on the chamber.

Neural recordings {#s4-8}
-----------------

Neural recordings were conducted in both monkeys during the walk-and-reach task in the Reach Cage. We recorded wirelessly from all six arrays simultaneously using the two 96-channel Exilis Headstages. To remove interference between the two headstages, we placed a small metal plate between the two headstages which was connected to the ground of one headstage. We used seven antennas in the cage, which were all connected to both receivers for the respective headstage. The headstages used carrier frequencies of 3.17 GHz and 3.5 GHz, respectively. The signal was digitized on the headstages and sent to two recordings systems, one for each headstage. We used a 128-channel Cerebus system and a 96-channel CerePlex Direct system (both Blackrock Microsystems LLC) for signal processing. For the control session ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}), we sued a single 256-channel CerePlex Direct system (Blackrock Microsystems LLC) receiving input from both receivers. *MaCaQuE* sent the trial number at the beginning of each trial to the parallel port of each system. We connected an additional shift register M74HC595 (STMicroelectronics) to the GPIO port of MaCaQuE for interfacing the parallel ports. The recording systems recorded the trial number along with a time stamp for offline data synchronization.

We calculated data loss rate per trial on the broadband data. The headstage transmits digital data. When it loses connection the recording system repeats the latest value. As wireless data are transmitted in series, a connection loss affects all channels. We looked in the first 32 channels of the broadband data at least four consecutive times for which the data did not change. Then we labeled all consecutive time points as 'data lost' for which the data did not change. We did this for both 96-channel recordings separately. As we wanted to estimate the reliability of the 192-channel recording, we considered data loss at times where even only one of the two headstages showed data loss. Then we calculated the percentage of time points with data loss for each session only considering times within trials for which the monkey performed the task correctly. We also calculated the data loss for each trial separately. Only trials with data loss smaller than 5% were considered for further analysis.

We performed the preprocessing of broadband data and the extraction of waveforms as previously described ([@bib34]). First, the raw signal was high-pass filtered using a sliding window median with a window length of 91 samples (\~3 ms). Then, we applied a 5000 Hz low-pass using a zero-phase second order Butterworth filter. To remove common noise, we transformed the signal in PCA space per array, removed principle components that represented common signals, and transformed it back ([@bib75]). On the resulting signal, spikes were extracted by threshold crossing using a negative or positive threshold. We sorted the extracted spikes manually using Offline Sorter V3 (Plexon Inc, Dallas, Texas). If single-unit isolation was not possible, we assigned the non-differentiable cluster as multi-unit, but otherwise treated the unit the same way in our analysis. We performed offline sorting for the example units ([Figure 4](#fig4){ref-type="fig"}), decoding and encoding analysis ([Figure 5B](#fig5){ref-type="fig"}) but not for the control session ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). The spike density function for the example units ([Figure 4](#fig4){ref-type="fig"}) wereas computed by convolving spike trains per trial and per unit with a normalized Gaussian with standard deviation of 50 ms. The spike density function was sampled at 200 Hz. The exemplary broadband data in [Figure 4](#fig4){ref-type="fig"} show the data before preprocessing.

We analyzed the firing rate of all 192 channels in the 12 sessions and of four example units with respect to four different temporal alignments: target cue onset, go cue, start button release, and target acquisition. To quantify neural activity during the delay period and the movement, we analyzed time windows of 500 ms either immediately before or after a respective alignment. We analyzed the modulation of firing rate relative to the position of the reach targets and time window for each unit. We calculated an ANOVA with factors: distance (near, far), position (outer left, mid left, mid right, outer right), and time (before and after the respective alignments, eight time windows). We considered a channel/unit task modulated if there was a significant effect on any factor or interaction. We considered it position modulated if there was a significant main effect on position or an effect on position x distance, position x time, or position x distance x time.

For the population decoding analysis, we used a linear support vector machine (SVM) on the firing rate within 300 ms time windows. We decoded left vs. right side, that is grouped left-outer and left-mid targets as well as right-outer and right-mid targets. Reach and walk-and-reach movements were analyzed separately. Decoding accuracy was estimated by 20-fold cross validation. The 20-folds always referred to the same trials in each window throughout the timeline. For statistical testing we focused on one time window during memory and one during movement period, respectively. As the shortest trials have a memory period of 400 ms we selected 100--400 ms after the cue as the window for the memory period. For the movement period, we selected 300--0 ms before target acquisition. To determine decoding accuracy above chance level, we performed a one-tailed permutation test as follows. We generated a null distribution of 500 samples by permuting the target direction (left vs. right category) in all trials independently for each monkey and distance, and calculated the 20-fold cross validated decoding accuracy as described before.

For the population encoding analysis, we calculated the population average of the firing rate modulation individually for each monkey, distance, and movement period as follows: First, we calculated the average firing rate for each unit and target direction; then we took the absolute difference between left and right target directions (same grouping as in the decoding analysis) and averaged the absolute difference over all units per area. We performed a one-tailed permutation test to test if this firing rate difference is significantly higher than expected by chance. For this, we generated a null distribution of 1000 samples and then calculated the population average of the firing rate modulation for each sample. For both permutation tests, a p-value was calculated by the fraction of the null distribution above the value to test. We used Bonferroni multiple comparison correction with a multiplier of 12 (3 areas x 2 distance x two time periods).

For the control session with and without a narrow passage for walk-and-reach movements ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}), we performed an SVM decoding analysis and calculated the population averaged firing rate modulation. We used 10-fold cross validation and tested if the decoding accuracy changed depending on whether or not the passage was present. To test if the passage had an effect, we used a two-tailed permutation test with 500 surrogate samples by permuting the passage label in all trials independently for each monkey. For the population encoding analysis, we calculated the firing rate modulation by target direction per channel, subtracted the modulation without passage from the modulation with passage, and calculated the average over the population per area. To test if the passage changed the left vs. right firing rate modulation, we generated a null distribution of 1000 samples and calculated the difference in firing rate modulation for each sample. For the permutation tests of the control session, we considered both tails of the null distribution to calculate the p-value. We applied Bonferroni multiple comparison correction with a multiplier of 6 (3 areas x two time periods).

Raw data and spike data processing was performed with Matlab and visualized using the toolbox *gramm* ([@bib72]).
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###### Overview of neurophysiology studies with unrestrained monkeys.

This table presents an overview of current neurophysiology studies with unrestrained monkeys. The Reach Cage provides the only environment capable of instructing the animal to control start and end times of a desired movement, which for example allows training of animals to withhold a movement and study movement planning. Also, while previous studies studied a variety of behavior, instructed goal-directed movements were always direct food (source) directed movements. Only the Reach Cage can dissociate motor goals from food sources. There are four other studies that present multiple movement goals. There are locomotion studies that incorporate 3D motion capture, but these are not markerless and none showed 3D kinematics of reaching behavior. Note that other studies have shown 3D markerless motion capture of freely behaving monkeys ([@bib2]; [@bib76]); however, without neurophysiological recordings.

Data availability {#s7}
=================

All data (schematics, soft- and hardware documentation) for constructing the MaCaQuE or equivalent systems is made available via GitHub: <https://github.com/sensorimotorgroupdpz/MaCaQuE>.

The following dataset was generated:

BergerMGailA2020sensorimotorgroupdpz/MaCaQuEZenodo10.5281/zenodo.3685793
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**Acceptance summary:**

In this manuscript, the authors present an experimental environment and approach to instruct and quantify behavior in unrestrained macaque monkeys while conducting high-bandwidth wireless recordings from multiple brain areas simultaneously. The results demonstrate how the novel approach and methodology can be used to resolve neural mechanisms of behavior in more naturalistic settings.

**Decision letter after peer review:**

\[Editors' note: the authors submitted for reconsideration following the decision after peer review. What follows is the decision letter after the first round of review.\]

Thank you for submitting your work entitled \"The Reach Cage environment for wireless neurophysiology during structured goal-directed behavior of unrestrained monkeys\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and a Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Samantha Santacruz (Reviewer \#2); Andrew Jackson (Reviewer \#3).

Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife* at this time. Our assessment is that the revisions required may require a substantial reworking of the study to overcome what might be significant technical limitations. However, the reviewers found enough merit in this study that we would be happy to consider a new submission if you are able to adequately address the concerns raised.

In particular, the reviewers found several aspects of the work of value, such as the timeliness, the design and use of behavioral cues in the cage, and the combination of remote neurophysiological and behavioral tracking. This led to broad support for the goals and methods of the work. However, all three reviewers highlighted major weaknesses in the methodological advance presented that substantially undercut the significance of the work. The fundamental concern is that the behavioral apparatus alone seems more suited to a more specialized methods journal and it is not clear what kind of important scientific advance the wireless and motion capture components can support.

More clarification and quantification of the motion tracking performance is needed. The successful frame capture rate needs to be quantified over intervals of fixed duration and how this compares with reported performance of similar motion tracking methods that are not in-cage needs to be presented. Data for the second subject, Monkey L, also needs to be presented to give a second animal that would strengthen the claims of overall system performance. The inability to monitor more than 1 DOF is also considered a major limitation for a system meant ultimately to examine modulation of activity in an unconstrained animal, and this needs to be addressed.

The wireless recordings also need to be analyzed to quantify in detail wireless performance for the 31 and 127 channel recording setups using standard metrics, such as BER. Since the work is done in a non-ideal, highly reflective environment, we would be satisfied if the performance was close to the worst-case reported BER value of 10\^-2 (taken from Yin et al., 2014, from which the current equipment is derived).

More detailed comments from the individual reviewers are provided below.

Reviewer \#1:

This manuscript represents behavioral paradigms and data collection methods that are certain to become the focus of attention in the next few years. The study of the relations between single-neuron activity and highly constrained motor behaviors has largely given way in the past ten years to the study of large numbers of simultaneously recorded neurons, albeit, with largely the same behavioral paradigms that have been in place for the past several decades. The advent of the study of more natural behaviors has only more recently begun, given the attendant difficulties of designing useful behavioral paradigms, monitoring the movements themselves, and recording large number of neurons wirelessly.

This study is an initial attempt in that direction, and is described frequently as a proof-of-concept. The MaCaQuE (Macaque Cage Query Extension) component, in addition to its clever name, is the most original and important part of the methods. It combines proximity touch sensors and multi-color cue LEDs with a well-designed network communication method that interconnects the remote components with a microcontroller. The system is expandable and flexible, and forms the basis of a nice behavioral control system for eliciting innovative, more natural behaviors. I also found the flexible head-mounted chamber and connector-mounting system for neural recordings to be innovative and potentially quite useful. It is designed for an Omnetics-based headstage, but could presumably be modified without too great effort for the Cerebus connector.

Unfortunately, the cage itself appears to have been designed with too much metal for good RF transmission. While the 32-channel transmitter functioned adequately, the 128-channel version did not, suffering unacceptable artifacts and signal loss. While 32 channels will certainly be useful for many studies, it is a good bit less than the \~100 channels that have become something of the norm for multi-channel studies these days. Beyond that, passing reference to illumination levels and perhaps other restrictions seem to have severely limited motion tracking. Although they used four cameras to track a single colored marker (dye on the fur) at the monkey\'s wrist), the percentage of tracked frames seems to have been very low. Although this too, was described in less detail than would have been ideal, apparently one-third of trials tracked fewer than \~150ms of the trajectory (\"5 data points\"). These limitations of data collection strike me as being pretty substantial.

In addition to the methodological considerations reported here, this study also includes basic results for recordings from three cortical motor areas during \"stretch and reach\" and \"walk and reach\" paradigms. These results are presented in sufficiently limited form that they serve primarily to illustrate the paradigms themselves. I am sure that a fuller-length treatment of these data is planned, and anticipate that it will be of great interest. Beyond the behavioral and data collection methods described here, these kinds of experiments will also require a range of more sophisticated analytical approaches to take full advantage of the data.

Consequently, despite its potential, this paper is not adequately compelling either in term of methodological or scientific contributions. Addressing the former will be difficult, unless I have misunderstood the basic limitations of the wireless neural recordings and motion tracking. I assume the latter is a distinct possibility. There are a fair number of grammatical errors that should be addressed, not all of which I attempted to mark.

Reviewer \#2:

The authors present a behavior system (the Reach Cage in combination with MaCaQuE interaction device) for performing sensorimotor tasks with nonhuman primates while wirelessly recording neural data. Overall, I find the system design to be novel and a clear demonstration of a system that may be used for the suggested purposes. My two main concerns are: (1) the motivation for the need of such a system, and (2) the limitation of kinematic tracking to one position (wrist). Regarding the former concern, I think the authors could improve their introductory discussion on how such a system is lacking and provides greater insight than, for example, using an existing commercial wireless recording system (e.g. from Blackrock) with something as simple as a cage-mounted touchscreen (essentially porting standard experimental setups with head-fixed animals to a the homecage environment). Regarding the latter concern, the authors do address this point late in the paper (Discussion section) but unconvincingly. There are sleeves/bodysuits that could be used with LED markers for tracking multiple positions that subjects do tolerate. The authors should at least make an argument regarding potential ways they could envision future revisions of their system to allow for tracking of more than one point. Additionally, I have minor concerns regarding the statistical analysis of single-unit data (present in Figure 4). For the analysis of Example B, statistical tests are performed separately for the two time points (cue onset and before go cue) and for the two distances of targets (near and far). It is more appropriate to do a combined statistical analysis, such as a two-way ANOVA with firing rate as the dependent variable, and timepoint (2 levels) and distances (2 levels) are independent variables. Similarly, for example D, a combined statistical analysis should be performed for the distances (near and far) and sides (left and right).

Reviewer \#3:

This methods paper by Berger and Gail describes an experimental set-up for studying goal-directed reaching in unrestrained non-human primates with associated wireless neural recording. This work is timely, since the use of chronically-implanted electrodes and wireless recording is allowing neuroscientific experiments to be conducted in less constrained environments. However, the lack of constraints brings both advantages (behaviours may be more naturalistic than conventional restrained tasks such as centre-out reaching) and disadvantages (behaviours are less controlled and therefore data is less amenable to common analysis techniques such as trial averaging). The approach here appears to be a reasonable trade-off between the two, in that movements are unrestrained but trained/cued so as to be fairly stereotyped. I can certainly envisage some scientific questions that would be amenable to such an approach, although with the caveat that such stereotyped behaviours may not be only marginally more naturalistic than the traditional tasks. I also see this work as valuable as a stepping stone to studying fully unconstrained, free behaviour, although in this regard it may be important to incorporate more detailed motion capture in order to make sense of the recordings.

The neural recording uses a commercially available system, and only a couple of exemplar neurons are reported, so the principle novelty of this work comprises a description of the behavioural set-up, task design and kinematic recordings. The system comprises a number of cue/target boxes placed within an arena, with camera-based tracking of movement, and the operation of this is well described in the paper. However, it would be useful to include more description of how easily the animals were trained on this task (e.g. how many sessions, how long did it take for consistent behaviour to emerge). The authors should also assess how stereotyped was the behaviour from trial-to-trial vs. session-to-session. The collection of motion kinematics seems to be fairly limited -- only the position of the wrist is tracked via red paint markings, in only one of the animals. Why was this not done for the other animal? No attempt is made to characterise the accuracy of this tracking -- it appears that quite a large region of the wrist was painted so I can envisage that determining the centre location from multiple cameras may be quite dependent on arm/hand orientation etc. It would also be interesting to discuss whether other colours on, for example, the elbow and shoulder could allow a more detailed reconstruction of limb kinematics.

The modular design of the headpiece is nice. However, please add a scale bar to Figure 5C and also give dimensions for the total implant height. It is not clear whether the wireless recording system is battery- or inductively-powered. If the former, please give details of battery capacity, life-time, weight etc. If the latter, please include details of how power coils were positioned etc.

\[Editors' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for submitting your article \"The Reach Cage environment for wireless neural recordings during goal-directed behavior of unrestrained monkeys\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Joshua Gold as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Samantha R Santacruz (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The authors present an updated version of their behavior system (the Reach Cage in combination with MaCaQuE) which has been demonstrated in a sensorimotor task (\"walk-and-reach\" task) with nonhuman primates while wirelessly recording neural data as a proof-of-principle of the overall functionality of the system. The primary strength of this work, is perceived by the reviewers to be the reduced constraints on behavior (towards naturalistic settings) while still affording systematic study via controlled tasks and quantification. Previous concerns regarding the motivation for the study and limitations of kinematic tracking have been addressed with a marked significant improvement in the system. However, since the individual pieces of the system have been previously demonstrated (e.g. wireless recordings, in-cage behavior), whether the combined effort represents a novel contribution in a way that will facilitate new experiment needs more direct support. Moreover, more detailed analyses of the behavioral and neurophysiological data are needed.

Essential revisions:

1\) The direction of the work (unconstrained task electrophysiology exploration) is of great interest, but the significance of this manuscript toward those goals is still not sufficiently clear. A fundamental concern is that this content seems more appropriate for a specialized methods journal. Although the authors have addressed in their rebuttal and through revisions in their paper the potential for scientific impact of this system, this does not address the point that ultimately they are working in an area of technology/methodology that has been previously reported. Claimed novelty is not correct: other groups have recorded neural data and behavior wirelessly from custom cage designs (Powell, 2017, J. Neuroscience Meth., for example). The authors also claim in the Introduction that goal-directed behaviors that involve walking have not previously been possible, but then cite Yin. Et al., 2014 and Capogrosso et al., 2016 which both involve walking behaviors and are goal (treat) directed walking behavior.

In revision, a deeper comparison to the current manuscript results is needed. First, the MaCaQue system was already published (Berger, 2019). That paper describes the behavioral collection applied to humans. The current report presents a combination of neural data collection with that behavior, and in monkey, which is interesting, but no novel behavioral or neuroscience results are provided. Please describe clearly what is unique in the system from the human version. Please present (e.g., via a table) a comparison of benchmarks across previous reports not limited to the following:

Roy and Wang, 2012; Chestek et al., 2009; Yin et al., 2014; Foster et al., 2014; Schwarz et al., 2014; Capogrosso et al., 2016.

2\) The work is overly descriptive, and at some points, misleading. The neuroscience and electrophysiology leave substantial questions about the interpretation of the results and could be described more clearly. For example, the authors appear to present conclusions based on 4 neurons (out of 192) and almost no population analysis is completed (trajectories are not analysis in and of themselves). While statistical tests on those neurons is appropriate, the results do not substantiate the claims that 192 channels are recorded and convey information about goal-directed behavior.

3\) Quantification of behavioral variability is also limited. Movement analysis does not describe the kinematics that are said to be collected. For example, acquisition times are given, but not variability in kinematic variables. Additional documentation of the data analyzed for the behavioral variability (Figure 3) is needed. Please report analysis of variability in movement kinematics. How many trials and behavioral sessions are presented? At what point in behavioral training are these data from? Claims of consistency/variability are difficult to assess without these details.

4\) Wireless coverage rates merits more careful quantification. Wireless transmission efficacy can often vary across the cage volume due to non-uniform receiver coverage. An analysis of data loss rates that quantifies volume of the cage spanned and presence or absence of spatial trends in where data loss occurs would be significantly more compelling than aggregate data loss rates. Drop-out with strong spatial bias would hamper and complicate task analyses. This is important for the authors to quantify because their other analyses highlight that animals exhibit relatively stereotyped behaviors during tasks (Figure 3). Are the low data loss rates because the animals occupy a restricted volume of the cage during task behavior? Some quantification of coverage volume will also be valuable for reporting and demonstrating the tool\'s capabilities.

5\) Claims for BMI utility require more careful elaboration. The authors argue their system, with real-time neural data recording and behavioral control, would be useful for BMI studies. While this is true, their system as currently designed has constraints on the possible BMI experiments that could be done which should be elaborated. Their behavioral task system, with discrete targets, would have limited applications to discrete decoding behaviors. Elaboration on specific utility and limitations/future directions is needed.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for submitting your article \"Wireless recording from unrestrained monkeys reveals motor goal encoding beyond immediate reach in frontoparietal cortex\" for consideration by *eLife*. Your revised article has been reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Joshua Gold as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Samantha R Santacruz (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission to clear up a few remaining points.

We would like to draw your attention to changes in our revision policy that we have made in response to COVID-19 (https://elifesciences.org/articles/57162). Specifically, we are asking editors to accept without delay manuscripts, like yours, that they judge can stand as *eLife* papers without additional data, even if they feel that they would make the manuscript stronger. Thus the revisions requested below only address clarity and presentation.

Summary:

The authors present a cohesive and compelling piece of work 1) demonstrating the utility of their in-cage behavioral system and wireless recordings, and 2) providing novel findings enabled by their work. The reviewers find the manuscript is greatly strengthened by the new analyses and re-framing to fully place their work in context. The combination of in-cage, untethered neural recording with well-controlled sensorimotor tasks is both powerful and a niche that has not been addressed to-date. the manuscript is suitable for publication in *eLife* subject to revisions.

Essential revisions:

1\) The authors state in the rebuttal \"We now added an analysis on all 12 recorded session and test for each of the 192 channels with an ANOVA if the activity is task ( = time, target distance or position) modulated and if it is target position modulated (Results section), which was not the scope of the analysis in the previous version of the manuscript. We demonstrate that there are sessions that show 192 task modulated channels and provide statistics on the population activity in the newly written part of the Results section.\" I believe this quoted text actually refers to: \"movement. Of all twelve recorded sessions three sessions revealed task responsive activity on all 192 channels, i.e. showed at least one effect in distance, position, time or one of the interactions; across all sessions the mean number of task-responsive channels was 189 (s.d. 5 channels). Up to 179 channels were position responsive, i.e. showing at least one effect in position or one of the interactions (mean: 162, s.d. 17 channels).\" It is unclear how this analysis was performed. Was \"task responsive activity\" determined from another ANOVA? Please clarify.

2\) In the section \"Premotor and parietal cortex encode movement goals beyond immediate reach\". Here the authors perform SVM classification using neural spiking activity to decode reach to either a near or far target. This analysis is problematic in that they determine significant decoding accuracy by comparing performance to that of a classifier using activity prior to cue onset and also assume chance levels of 50% (based on plots in Figure 5B). It would be more appropriate to compare accuracy to shuffled data in order to determine true chance levels (particularly if the near and far trials aren\'t balanced) and significance. Please perform the permutation-based test of significance.

3\) The authors state: \"Moreover, we could decode walk-and-reach target location information from premotor and parietal cortex, but not motor cortex, during movement and even during the memory period before the movement. This suggests that premotor and parietal cortex encodes motor goals beyond immediate reach.\" A decoding model and encoding model are complimentary, but not the same. High decoding accuracy from the SVM simply means that the population-level neural activity during these timepoints is separable enough in a high dimensional space. This may be due to many factors. To more completely demonstrate that premotor and parietal cortex encode motor goals beyond immediate reach, an encoding model (e.g. regression or GLM) describing how neural activity co-varies with the motor goals would be valuable.

10.7554/eLife.51322.sa2

Author response

\[Editors' note: the authors resubmitted a revised version of the paper for consideration. What follows is the authors' response to the first round of review.\]

> \[...\]
>
> The fundamental concern is that the behavioral apparatus alone seems more suited to a more specialized methods journal and it is not clear what kind of important scientific advance the wireless and motion capture components can support.

We are not aware of previous work studying large-scale neural network activity in freely moving monkeys trained on goal-directed naturalistic walk-and-reach movements that are temporally and spatially structured under the control of the experimenter. We provide new wireless neurophysiology and motion capture data. We show broadband intracortical recordings from 192 channel at 30 ksps from three brain areas simultaneously. Motion capture is now fully markerless and provides 3D tracking of four body-parts namely head, left wrist, elbow and shoulder. We show with an additional analysis that single-trial neural dynamics of multiple areas can be analyzed and correlated with detailed multi-joint kinematics of on unrestrained behavior. Real-time read-out of the neural data makes the setting suitable for BMI applications. Details are described below.

> More clarification and quantification of the motion tracking performance is needed. The successful frame capture rate needs to be quantified over intervals of fixed duration and how this compares with reported performance of similar motion tracking methods that are not in-cage needs to be presented. Data for the second subject, Monkey L, also needs to be presented to give a second animal that would strengthen the claims of overall system performance. The inability to monitor more than 1 DOF is also considered a major limitation for a system meant ultimately to examine modulation of activity in an unconstrained animal, and this needs to be addressed.

Now, we use a different approach for markerless motion tracking based on a deep neural network. We present new data from both monkeys performing a memory-guided walk-and-reach task. The head, left wrist, elbow and shoulder are tracked in 3D during performance of the walk-and reach task. We increased the framerate to 60 Hz and quantified the successful frame capture rate after outlier rejection (97.58% -- 99.95%).

The main goal of the presented research approach is to provide an experimental setting that allows studying structured and goal-oriented behavior beyond what is possible in a chair-based setup, for instance walk-and-reach behavior towards targets outside the immediate peripersonal space. We tried to make our rational clearer throughout the manuscript.

> The wireless recordings also need to be analyzed to quantify in detail wireless performance for the 31 and 127 channel recording setups using standard metrics, such as BER. Since the work is done in a non-ideal, highly reflective environment, we would be satisfied if the performance was close to the worst-case reported BER value of 10\^-2 (taken from Yin et al., 2014, from which the current equipment is derived).

We now use 2x 96-channel wireless headstages simultaneously to records from all 192 electrodes at 30 ksps sampling rate at the same time. Our former wireless system was not derived from Yin et al., however, our current system distinctly is. Since we do not have direct access to the digital data stream of this proprietary system, we cannot perform BER measures as shown by Yin et al. or other publications about wireless systems. Also, we do not believe that a standard BER measure is suitable to judge the relevant performance, since it is a property of the system itself and measured under optimal conditions for wireless transmission. Here, we report an experimental environment and not a wireless recording system. Thus, we report transmission stability, i.e. the fraction of time points for which we received data (around 96.68%). This is an equivalent metric to BER, in our application, as instead of measuring the quality of the wireless transmission signal itself, we measure the ability to receive the signal within our recording environment during a recording session. We are not aware of corresponding stability measures for comparable setups in which monkeys relocate themselves. This includes Yin et al., who provide data of monkeys sleeping or walking on a treadmill. In both cases, the head of the monkey, and consequently the wireless transmitter, stays approximately in the same position, which is technically less challenging.

\[Editors' note: what follows is the authors' response to the second round of review.\]

> Essential revisions:
>
> 1\) The direction of the work (unconstrained task electrophysiology exploration) is of great interest, but the significance of this manuscript toward those goals is still not sufficiently clear. A fundamental concern is that this content seems more appropriate for a specialized methods journal. Although the authors have addressed in their rebuttal and through revisions in their paper the potential for scientific impact of this system, this does not address the point that ultimately they are working in an area of technology/methodology that has been previously reported. Claimed novelty is not correct: other groups have recorded neural data and behavior wirelessly from custom cage designs (Powell, 2017, J. Neuroscience Meth., for example). The authors also claim in the Introduction that goal-directed behaviors that involve walking have not previously been possible, but then cite Yin. et al., 2014 and Capogrosso et Al., 2016, which both involve walking behaviors and are goal (treat) directed walking behavior.

Our manuscript is not primarily about wireless transmission, it is about a conceptual approach in cognitive and sensorimotor neuroscience bearing on, among other things, wireless recordings. In this sense the study of Powell et al., 2017, which presents an RF transparent cage, i.e. equipment for wireless recording, has a very different scope. We present an experimental environment and approach for which precisely guided and quantifiable spatially and temporally instructed behavior is possible with unrestrained macaques while conducting high-bandwidth wireless recordings from multiple brain areas simultaneously. The combined features of the Reach Cage allow experimental designs that former neurophysiology studies/environments with unrestrained monkeys did not provide:

-- Precise computer-controlled timing of temporal instructions (programmable color illumination of targets) to the animal and real-time control of the experimental flow based on the animals registered behavior (touch-sensitivity of the targets).

-- As a consequence, investigation of motor planning is possible and demonstrated here. No other study known to us dealt with motor planning in unrestrained monkeys.

-- Multiple distributed, light identifiable and instructable reach goals that are independent of the food source (important in cognitive neuroscience) and can be configured variably in number and position.

-- As a consequence, a defined starting position with the ability to pause the animal's movement allows to provide visual cues at a defined locations relative to the body, necessary for motor-cognitive aspects of sensorimotor science. For example, trained goal directed behavior led to a distinct number of behavioral categories (here movements to 8 different targets) and repetitive trials as previously possible only in more conventional chair-seated paradigms (see also response to comment 3). We are not aware of a study showing that pure training of monkeys without any physical restraint leads to such low trial-to-trail variability in freely moving animals.

We have revised the Introduction and Discussion to make the idea behind our study more clear. We have added an overview of previous studies, Supplementary file 1, as suggested below.

As requested by the editor's summary, we provide more detail on our neurophysiology data as a proof-of-concept. For this, we replaced the last subsection in the Results section with a new analysis of the neurophysiology data that shows that premotor and parietal cortex encode motor goals beyond immediate reach during planning and locomotion. We are not aware of existing experimental environments or published data that would show this or would have been able to show this.

> In revision, a deeper comparison to the current manuscript results is needed. First, the MaCaQue system was already published (Berger, 2019). That paper describes the behavioral collection applied to humans. The current report presents a combination of neural data collection with that behavior, and in monkey, which is interesting, but no novel behavioral or neuroscience results are provided. Please describe clearly what is unique in the system from the human version.

We are surprised by this argument given *eLife*'s support for preprints and find it in fact a highly problematic argument. The MaCaQuE system was first published as the preprint of this manuscript. In Berger et al., 2019, we cited the preprint accordingly. We will cite this manuscript, not Bergeret al.,2019, when referring to the MaCaQuE System, since only here we present an extensive description of the MaCaQuE system. Since the current manuscript was already in the pipeline at *eLife* and available as preprint, we think this is the only appropriate way of dealing with such situation. Since the publication history can easily be tracked in the archive system, the genesis is transparent. Regarding novelty, Berger et al., 2019, is all about a human psychophysics result showing congruency effects in the interference of cross-modal sensory integration with spatial distractor stimuli, not about the MaCaQuE system and not about non-human primates, as evident from the paper. The novelty here is explained in our response to the above comment, for which MaCaQuE is an important but not the sole component. Specifically, the novelty here is directed towards studies with non-human primates. The current and previous studies have a completely independent scope.

We find the argument highly problematic since it effectively means that throughout the review process, during which authors -- like in our case -- invest massively to follow reviewer requests for significant modifications and sometimes have to wait many months to get feedback on their submission, authors would not be allowed to make reference to their published preprints in other studies. This defeats the purpose of preprints and in our view contradicts *eLife*'s policy.

> Please present (e.g., via a table) a comparison of benchmarks across previous reports not limited to the following:
>
> Roy and Wang, 2012; Chestek et al., 2009; Yin et al., 2014; Foster et al., 2014; Schwarz et al., 2014; Capogrosso et al., 2016.

We present this table as Supplementary file 1.

> 2\) The work is overly descriptive, and at some points, misleading. The neuroscience and electrophysiology leave substantial questions about the interpretation of the results and could be described more clearly. For example, the authors appear to present conclusions based on 4 neurons (out of 192) and almost no population analysis is completed (trajectories are not analysis in and of themselves). While statistical tests on those neurons is appropriate, the results do not substantiate the claims that 192 channels are recorded and convey information about goal-directed behavior.

Since the focus of the manuscript, based on the reviewer suggestions, has now partly shifted towards more neuroscientific content, we also adapted the style and it should be less descriptive. The methods-oriented parts, which were originally more in the foreground since we submitted to the "Tools and Resources" rubric of the journal, remain descriptive. The example units are shown to demonstrate that it is possible to record clearly modulated, well-isolated single-unit activity in much detail, with modulations of the neural responses following closely the precisely controlled different stages of the trials over time and at the same time being selective for the spatial parameters of the task. We now added an analysis on all 12 recorded session and test for each of the 192 channels with an ANOVA if the activity is task ( = time, target distance or position) modulated and if it is target position modulated (Results section), which was not the scope of the analysis in the previous version of the manuscript. We demonstrate that there are sessions that show 192 task modulated channels and provide statistics on the population activity in the newly written part of the Results section.

> 3\) Quantification of behavioral variability is also limited. Movement analysis does not describe the kinematics that are said to be collected. For example, acquisition times are given, but not variability in kinematic variables. Additional documentation of the data analyzed for the behavioral variability (Figure 3) is needed. Please report analysis of variability in movement kinematics. How many trials and behavioral sessions are presented? At what point in behavioral training are these data from? Claims of consistency/variability are difficult to assess without these details.

We do report an analysis of variability of movement kinematics (Figure 3B and third paragraph in this subsection). This is the across time points averaged Euclidean distance for each trial to a trial-averaged trajectory. We show that trials deviate only few centimeters from the averaged trajectory. Even for the most variable marker (wrist) the averaged Euclidean distance is below 67 mm for 75% of the trials.

We now added more sessions to this analysis. Now the analysis is based on 2 (monkey K) and 3 sessions (monkey L) with a total of 469 and 872, respectively, successful trials. We added this information in the Results section and Figure 3.

All data presented in the manuscript is after behavioral training. We added this information in the Materials and methods section.

> 4\) Wireless coverage rates merits more careful quantification. Wireless transmission efficacy can often vary across the cage volume due to non-uniform receiver coverage. An analysis of data loss rates that quantifies volume of the cage spanned and presence or absence of spatial trends in where data loss occurs would be significantly more compelling than aggregate data loss rates. Drop-out with strong spatial bias would hamper and complicate task analyses. This is important for the authors to quantify because their other analyses highlight that animals exhibit relatively stereotyped behaviors during tasks (Figure 3).

We added an analysis of data loss rates across targets (Results section and Figure 4---figure supplement 1). While the raw data shows some dependency of data loss rates on the target position in the range of few percent, we did not observe significant differences between trials towards different target positions in the left-right dimension after applying our 5% criterion for rejecting poor trials. We do see a difference between reach and walk-and-reach movements; however, this does not affect our results since these quantify left-right selectivity for reach and walk-and-reach movements independently.

> Are the low data loss rates because the animals occupy a restricted volume of the cage during task behavior? Some quantification of coverage volume will also be valuable for reporting and demonstrating the tool\'s capabilities.

Since monkeys performed a spatially and temporally highly structured behavior during the recording sessions, we cannot draw conclusions on the coverage beyond the space covered in Figure 4---figure supplement 1.

> 5\) Claims for BMI utility require more careful elaboration. The authors argue their system, with real-time neural data recording and behavioral control, would be useful for BMI studies. While this is true, their system as currently designed has constraints on the possible BMI experiments that could be done which should be elaborated. Their behavioral task system, with discrete targets, would have limited applications to discrete decoding behaviors. Elaboration on specific utility and limitations/future directions is needed.

We thank the reviewer for pointing this out. We used the opportunity to rewrite the corresponding Discussion section. On the one hand, we are specifically interested in the control of discrete events, e.g. for smart home applications, for which spatial selectivity/invariance regarding the subjects position in space is important. On the other hand, robustness of prosthetic control during performance of other movements in parallel, like walking, is critical for applications in partially impaired patients (e.g. arm amputees). The new neural analyses show that target location information can be decoded during walking, as a first step to show that information for BMIs can be harnessed from the neural activity recorded in the Reach Cage. We now elaborate on this in the Discussion section, but since BMI application is not the main focus of this study, we removed the paragraph from the Introduction.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

> Essential revisions:
>
> 1\) The authors state in the rebuttal \"We now added an analysis on all 12 recorded session and test for each of the 192 channels with an ANOVA if the activity is task ( = time, target distance or position) modulated and if it is target position modulated (Results section), which was not the scope of the analysis in the previous version of the manuscript. We demonstrate that there are sessions that show 192 task modulated channels and provide statistics on the population activity in the newly written part of the Results section.\" I believe this quoted text actually refers to: \"movement. Of all twelve recorded sessions three sessions revealed task responsive activity on all 192 channels, i.e. showed at least one effect in distance, position, time or one of the interactions; across all sessions the mean number of task-responsive channels was 189 (s.d. 5 channels). Up to 179 channels were position responsive, i.e. showing at least one effect in position or one of the interactions (mean: 162, s.d. 17 channels).\" It is unclear how this analysis was performed. Was \"task responsive activity\" determined from another ANOVA? Please clarify.

We understand why this paragraph is unclear and added an explanatory sentence: "We performed the same ANOVA for the activity in each channel of all twelve recorded sessions."

> 2\) In the section \"Premotor and parietal cortex encode movement goals beyond immediate reach\". Here the authors perform SVM classification using neural spiking activity to decode reach to either a near or far target. This analysis is problematic in that they determine significant decoding accuracy by comparing performance to that of a classifier using activity prior to cue onset and also assume chance levels of 50% (based on plots in Figure 5B). It would be more appropriate to compare accuracy to shuffled data in order to determine true chance levels (particularly if the near and far trials aren\'t balanced) and significance. Please perform the permutation-based test of significance.

We replaced the statistics on the decoding analysis with a permutation-based test of significance for our main analysis (Results, Figure 5 and Figure 5---source data 1) and for our supplementary analysis (Results, Figure 5---figure supplement 1 and Figure 5---source data 3). The permutation-based test revealed the same results as the test in the previous version of the manuscript, apart from now one additional significant decoding accuracy in M1 of monkey L during movement (but not within the memory period) of walk-and-reach movements. All previously reported effects are still valid. This minimally different result does not change the conclusions of our study. We revised the Materials and methods section accordingly.

> 3\) The authors state: \"Moreover, we could decode walk-and-reach target location information from premotor and parietal cortex, but not motor cortex, during movement and even during the memory period before the movement. This suggests that premotor and parietal cortex encodes motor goals beyond immediate reach.\" A decoding model and encoding model are complimentary, but not the same. High decoding accuracy from the SVM simply means that the population-level neural activity during these timepoints is separable enough in a high dimensional space. This may be due to many factors. To more completely demonstrate that premotor and parietal cortex encode motor goals beyond immediate reach, an encoding model (e.g. regression or GLM) describing how neural activity co-varies with the motor goals would be valuable.

We added an encoding ("tuning") analysis. As we are interested in population and not single unit effects, we calculated the population average of the firing rate modulation, i.e. absolute difference between average firing rate for left and right trials and then averaged over all units after aligning to the preferred side ("population tuning"). As for the decoding analysis, we calculated a permutation-based test to test for significant encoding (Figure 5 and Figure 5---source data 2) or significant differences between passage and open trials (Figure 5---figure supplement 1 and Figure 5---source data 4). We describe this accordingly in the Results and Materials and methods. The results for the encoding analysis do not differ from the decoding analyses, hence the conclusions of the study remain the same.
